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ABSTRACT 


This  Technical  Report  describe*  the  work  perforaed  under  Contract 
FF06G2-67-C-0i7i.  Tuic  ob  .'active  vas  to  develop  a  High  Voltage  Power  Lina 
Siting  Criteria  so  hat  coanu-'ication  sites  can  be  selected  which  will  not 
be  seriously  affected  by  radio  interference  from  existing  power  lines,  or 
proposed  lines  in  the  vicinity  of  the  communication  site. 

Under  a  previous  Contract  A?30(602)-3822,  a  High  Voltage  Power  Line 
Siting  Criteria  was  developed  and  reported  in  Technical  Report  No.  RADC-TR- 
66-606,  March  1967,  Vole.  I,  II,  III  (AD  812  266,  AD  812  267,  AD  812  268)  for 
power  lines  rated  2.4  kV  through  345  kV,  and  covering  the  frequency  spectrum 
of  60  Hertz  through  one  Gigahertz. 

This  Technical  Report  extends  the  Siting  Criteria  to  power  lines 
operating  at  525  kV  ac,  735  kV  ac  and  800  kV  de,  covering  the  frequency  range 
from  60  Hz  to  10  GHz.  Also  the  investigation  of  the  radio  noise  and  frequency 
spectrum  of  the  345-kV  lines  studied  in  the  previous  contract  has  been  ex¬ 
tended  to  10  GHz. 

The  following  information  is  included  in  this  report: 

1.  A  systematic  procedure  to  determine  the  radio  noise 
generated  by  525-kV  ac,  735-kV  ac  and  800-kV  dc  lines 
covering  the  frequency  spectrum  of  60  Hz  to  10  GHz,  and 
lines  from  2.4 -kV  ac  to  345-kV  ac  covering  the  fre¬ 
quency  spectrum  of  1  GHz  to  10  Ghz. 

2.  Description  and  comparison  of  teat  methods  using  radio 
noise  meters  both  manually  and  with  X-Y  recorder  and 
Spectrum  analyzer. 

3.  Measured  data  and  data  analysis. 

4.  Methods  to  determine  the  propagation  loss  of  the  noise 
generated  by  power  lines. 


5. 
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High  Voltage  Pover  Line  Siting  Criteria 


This  effort  has  developed  simplified  procedures  which  can  be  used 
to  determine  the  field  strength  of  noise  generated  by  high  voltage 
transmission  and  distribution  lines.  Thsse  procedures  are  applicable 
to  525  kV  and  735  kV  ac  and  800  kV  dc  lines  covering  the  frequency  range 
of  60  hertz  to  10  GHz,  and  to  2. h  JcV  to  3^5  kV  ac  lines  covering  a 
frequency  range  of  1  GHz  to  10  GHz. 

These  procedures  will  be  used  to  develop  siting  criteria  for  Air 
Force  C&E  installations  when  located  in  the  vicinity  of  these  lines. 

This  erfort  is  a  part  of  an  RAD  program  to  develop  good  engineering 
standards  for  siting  CAL’  installations. 


/jACOP  SCHERER 
Lffort  Engineer 
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SCOPE 

This  is  the  complete  report  including  Foreword  and  Abstract,  and 
three  Appendices.  The  description  of  lines  tested  is  given  with  results 
of  field  strength  measurements  on  lines  and  in  the  laboratory.  Predictions 
of  line  radio  noise  magnitude  with  lateral  distance  from  the  line  are  in¬ 
cluded  for  conductor  corona-type  and  gap-type  sources  of  radio  noise.  The 
measurements  include  manual  readings,  X-Y  plotting,  and  photos  of  spectra 
as  seen  on  the  spectrum  analyzer. 


1 


1.  Katirod^ags 


The  purpose  of  the  radio  noise  measurements  and  analysis  described 
Is  to  detensias  the  ground  wavs  radio  noise  levels  and  factors  for  ac  and  dc 
power  transmission  lines.  These  data  are  for  use  in  the  selection  of  a  com¬ 
munication  site  which  will  not  be  seriously  affected  by  radio  Interference 
from  existing  or  proposed  pwsr  transmission  lines.  The  frequency  range  of 
measureeenta  was  60  Hz  to  10  GHz. 

Power  line  rsdio  noise  csn  be  generated  by  line  components  such  es 
hardware,  inauletora,  conductors,  line  apparatus,  ate.  In  many  cases  rhp  jen- 
eration  is  because  of  faulty  componenta,  corroalon  between  iiatci  parts,  dis¬ 
charges  between  unbonded  or  floating  metal  parts  and  hardware,  and  between 
neutral  conductors  and  ground  and  pole  guys  and  because  of  conductor  corona. 
Most  of  the  possible  generation  sources  mentioned  can  be  found  and,  except 
for  conductor  corona,  can  be  and  have  been  eliminate*,  on  their  lines  by  elec¬ 
tric  utilities.  Radio  noise  from  conductor  corona  Is  the  principal  problem 
on  extre  high  voltage  lines  (EHV)  (345-1000  kV)  and  to  a  lesser  extent  on 
lines  below  100  kV. 

With  respect  to  rsdio  noise  power  lines  should  be  considered  in  two 
clssses,  (1)  lines  below  70  kV  and  (2)  lines  from  110  -  1000  kV.  These  classes 
are  based  on  the  fact  that  all  lines  below  70  kV  can  be  made  free  of  conductor 
corona  generation,  and  that  higher  voltage  lines,  especially  EHV  lines,  cannot 
be  constructed  free  of  conductor  corona  radio  noise  for  economic  reasons.  For 
EHV  lines  a  prediction  technique  is  developed  which  is  based  on  laboratory 
measurements  on  conductors,  and  on  the  comparison  of  radio  noise  field  mea¬ 
surements  on  lines  in  service. 

The  radio  noise  field  strengths  in  the  vicinity  of  lines  were  mea¬ 
sured  under  three  conditions.  These  were  (1)  under  normal  conditions, 

(2)  with  natural  gap  in  line,  and  (3)  with  artificial  gap  connected  to  one 
phase  conductor.  The  artificial  gap  was  used  as  a  measurement  tool  to  in¬ 
crease  the  radio  noise  level  from  a  line  so  that  the  field  strength  could 
be  measured  farther  away  end  at  the  higher  frequencies  with  the  radio  noise 
meters  and  amplifiers  available.  Measurements  were  made  manually  and  with 
X-Y  recorder  and  with  spectrum  analyzers.  Very  good  agreement  was  found 
between  the  semi-automatic  and  manual  methods  of  measurement. 

It  was  found  that  the  measured  field  strength  decreases  laterally 
from  the  line  approximately  inversely  as  the  first  second,  or  third  power 
of  the  distance  from  the  line  depending  on  the  frequency.  Calculations  of 
the  5 ateral  attenuation  were  made  for  the  1,25  -  10  GHz  range.  The  field 
strength  is  not  the  same  on  both  sides  of  line  or  tower  when  the  antenna 
is  not  too  far  from  a  local  source,  auch  as  a  natural  gap  or  the  artificial 
gap.  As  the  antenna  is  moved  along  the  line  the  field  strength  on  the  two 
sides  of  the  line  becomes  more  symmetrical,  as  would  be  expected.  Radio 
noise  was  detected  in  the  1  to  10  GHz  range  from  the  7.2  kV  line  and  from 
the  345,  525,  and  725-kV  lines  and  in  the  laboratory  from  conductors  in 
artificial  rain. 

This  report  includes  additional  bibliography*,  laboratory  tests, 

*  Refer  to  Report  No.  RADC-TR-66-606 ,  Vol.  II  in  order  to  have  the  complete 
Bibliography. 
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oalysis,  calculation  of  field  strength  near  lines  and  for  away,  line  con¬ 
ductor  gradients,  field  strength  measurements ;  near  power  lines  by  manual 
means;  X-Y  plotting  and  with  s  spectrum  analyzer. 

2 .  Generation  of  Radio  Noise  by  Power  Lines 

Radio  noise  on  power  lines  is  caused  bv  partial  electrical  discharges, 
such  as  corona,  by  electrical  discharges  at  small  gaps  in  insulators,  at  tie 
wires,  between  hardware  parts,  by  excessive  electric  stress  across  wood  or 
due  to  corrosion  between  metal  parts,  at  small  gaps  between  neutral  wire 
and  ground  wires  and  hardware,  and  ground  wires  ana  hardware,  and  by  many 
types  of  corona  or  gap  sources  in  electrical  apparatus  if  defective  or 
damaged,  or  if  improperly  designed  or  installed. 

Interference  was  discovered  in  the  early  days  of  radio  and  measures 
were  taken  by  electric  utilities  and  electrical  manufacturer*  to  reduce  or 
eliminate  radio  noise  from  lines  and  apparatus.  Radio-free  pintype  insulators 
were  developed  and  lines  with  these  insulators  were  found  to  be  quite  free  of 
radio  noise  whereas  lines  with  comparable  size  plain  pintype  insulators  were 
not  as  good.  Laboratory  and  shop  test  methods  for  radio  noise  were  developed 
and  adopted  as  standard  for  high  voltage  apparatus  as  early  as  1938.  Radio 
influence  voltage  (RIV)  limits  were  later  established  for  high  voltage  ap¬ 
paratus  by  the  National  Electrical  Manufacturers  Association  (NEMA) . 

With  the  advent  of  extra  h'igh  voltage  lines  (EHV)  it  wae  soon  found 
that  conductor  corona  formed  at  conductor  gradients  well  below  the  theoretical 
critical  gradient  because  of  conductor  surface  burrs,  contamination,  rain,  and 
that  EHV  line  design  would  require  consideration  of  radio  noise  generation  by 
conductor  corona. 

2. 1  Electrical  Characteristics  of  Gap  Type  Discharges 

The  gap-type  radio  noise  source  is  a  more  or  less  complete  electri¬ 
cal  discharge  mainly  in  air  between  two  metal  parts.  The  type  of  discharge 
permits  very  low  60  Hz  currents  since  one  or  both  of  the  electrodes  concerned 
have  a  high  60  Hz  impedance  to  line  conductors  or  to  ground.  These  gap-type 
discharges  may  be  localized  or  they  may  be  distributed  along  the  line.  They 
are  the  principal  cause  of  radio  noise  occurring  on  low  voltage  lines,  below 
70  kV.  The  artificial  gap-type  radio  noise  generator,  Fig.  1,  had  an  elec¬ 
trode  spacing  of  5/16  inches  and  was  used  on  some  of  the  lines  tested.  It 
was  used  with  one  electrode  connected  to  the  line  conductor  and  the  other 
electrode  was  left  floating.  This  gap-type  radio  noise  generator  will  pro¬ 
duce  broadband  radio  noise  which  can  be  measured  beyond  1  GHz  with  dipole 
antenna  50  feet  from  line.  The  frequency  spect.o  of  this  gap  and  of  a  gap 
between  two  suspension  insulators  as  measured  in  the  laboratory  are  shown 
on  Fig.  2. 

2 . 2  Electrical  Characteristics  of  the  Corona  Discharge 

The  generation  of  radio  noise  by  conductor  corona  is  by  means  of  the 
electrical  discharge,  usually  called  corona,  occurring  at  or  near  t>  _  conductor 
surface.  Corona  is  defined  as  "a  luminous  discharge  due  to  ionization  of  the 
air  surrounding  a  conductor  around  which  exists  a  voltage  gradient  exceeding 


a  certain  critical  value."  Many  aspects  on  lines  are  unknown,  undefined,  and 
a  calculation  of  radio  noise  generation,  at  least  for  the  conductor  diameters 
used  for  EHV  lines,  is  not  possible  with  the  present  state  of  knowledge.  A 
short  raaoete  of  the  known  corona  processes  for  the  case  of  a  conductor  will 
be  givea. 


The  basic  physical  process  is  that  of  electron  multiplication  or 
avalanche  formation.  The  electric  gradient  in  the  vicinity  of  the  line  con¬ 
ductor  is  the  highest  gradient,  and  if  this  gradient  or  electric  stress  is 
sufficiently  high,  any  electrons  in  the  air  around  the  conductor  will  ionize 
the  gaa  molecules,  and  electrons  produced  by  this  ionization  will  produce  an 
avalanche.  If  an  additional  electron  la  formed  in  this  gradient  by  some  pro¬ 
cess  from  the  original  electron  avalanche,  a  new  avalanche  la  formed  by  this 
secondary  process  and  a  self-maintaining  discharge  is  developed. 

In  the  case  of  the  transmission  line  conductor,  it  is  believed  that 
the  important  secondary  process  is  the  ejection  of  electrons  from  gas  molecules 
by  high  energy  ultraviolet  light  (photoionization)  generated  by  the  original 
avalanche.  It  has  been  found  by  several  investigators  that  the  radio  noise 
generated  when  the  conductor  is  at  positive  potential  Is  signifi  tly  greater, 
at  the  gradients  generally  used  for  line  conductors,  than  it  is  with  the  con¬ 
ductor  at  negative  potential.  In  the  case  of  a  positive  line  conductor,  the 
cathode  is  bo  far  away  that  cathode  emission  is  of  no  consequence,  and  the 
secondary  process  existing  in  this  case  is  photoionization  of  the  gas. 

The  positive  corona  which  is  the  principal  cause  of  radio  interfer¬ 
ence  is  of  the  streamer  type;  that  is,  a  compact  and  bright  filament  starting 
from  the  conductor  and  extending  out  and  ending  in  a  tree-like  discharge  array. 
This  type  of  discharge  can  be  heard  by  ear  directly  and  readily  photographed 
at  night.  Sharp  current  pulses  occur  and  radio  noise  is  produced.  Some 
aspects  of  this  streamer  corona  are  known.  These  streamers  propagate  at 
very  high  velocities  2  x  10?  to  over  10®  cm  per  sec.  Also  because  of  the 
electric  field  intensification  by  the  streamer  itself,  it  propagates  into 
fields  which  are  below  the  critical  breakdown  as  based  on  the  non-uniform 
field  around  the  conductor  with  no  ionization.  Near  the  conductor  surface, 
however,  an  opposite  effect  occurs  in  that  the  field  is  reduced  which  tends 
to  inhibit  the  stnamer.  The  current  pulse  formed  is  of  the  form  i  =  te"at. 

The  positive  corona  pulse  for  a  5  cm  advance  of  streamer  at  a  velocity  of 
5  x  107  cm/sec,  gives  a  rise  time  of  10-7  seconds. 

When  the  conductor  is  at  sufficiently  high  negative  potential  ioniza¬ 
tion  occurs.  In  this  case,  the  cathode  emission  process  prevails  and  since 
this  process  is  more  efficient  than  the  gas  photoemission  process  with  conduc¬ 
tor  positive,  it  is  expected  that  negative  corona  starts  at  lower  conductor 
gradients  than  does  positive  corona.  The  current  pulses  have  longer  rise 
time  and  their  peak  values  will  not  reach  the  magnitude  of  the  positive 
pulses.  The  negative  corona  pulses  will  give  considerably  lower  readings 
as  has  been  found  by  measurement  using  an  oscilloscope  in  the  radio  noise 
meter  peak  detector  output. 

When  streamer  corona  forms  at  a  "point"  on  the  conductor  two  pulse 
fields  will  exist.  Near  the  streamer  a  localized  or  direct  field  is  formed, 
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and  along  the  line  the  indirect  field  i*  developed  due  to  the  pulses  traveling 
d?wn  the  line.  For  design  of  EHV  lines  only  the  indirect  field  is  considered 
and  the  most  significant  measurements  are  made  at  some  distance  from  the  streamer 
locations  and  their  direct  field. 

Gap-type  sources  can  and  do  occur  on  ZHV  lines,  however,  they  occur 
rarely  and  the  cause  can  usually  be  eliminated  when  necessary.  The  principal 
radio  noise  source  on  EHV  lines  is  the  corona-type  discharges  which  may  form 
at  hardware,  insulators,  at  burrs  and  scratches  on  the  conductor  surface  and 
by  discharges  of  various  kinds  at  towers.  Since  radio  noise  may  be  caused  by 
particles,  such  as  raindrops,  snow,  aerosols,  dirt,  vegetation  and  insects, 
that  may  pass  within  the  near  electric  field  of  the  conductor  or  be  on  the 
surface  of  the  conductor,  radio  noise  generation  becomes  variable  and  deter¬ 
mination  of  the  average  radio  noise  level  of  a  line  is  usually  made  by  com¬ 
parison  methods  based  on  long  term  recordings  or  several  fair  weather  read¬ 
ings  and  on  measurements  made  in  rain.  With  respect  to  communication  sites 
near  lines  the  radio  noise  levels  in  rain  are  highest  and  therefore  most 
importune. 

3 .  Instrumentation 


3.1  The  principal  instruments  used  for  the  field  strength  measurements 


were: 

Frequency  Ranjze 

Name 

Manufacturer 

30-15,000  Hz 

NM-40  Field  Intensity 

Meter 

Stoddart  Electro- 
Systems 

0.014-0.25  MHz 

NM-10  Field  Intensity 

Meter 

Stoddart  Electro- 
Systems 

0.010-0.16  MHz 

NM-12T  Field  Intensity 

Meter 

Stoddart  Electro- 
Systems 

0.15-25  MHz 

NM-20B  Field  Intensity 

Meter 

Stoddart  Electro- 
Systems 

20-400  MHz 

NM-30A  Field  Intensity 

Meter 

Stoddart  Electro- 
Systems 

375-1000  MHz 

NM-52A  Field  Intensity 

Meter 

Stoddart  Electro- 
Systems 

30-300  MHz 

AP-501R  L'w  Noise  Tunable 
imp . 

Electro-Interna¬ 
tional  Inc. 

300-1000  MHz 

AP-502F  Noise  Tunable 

Amp. 

Electro  Interna¬ 
tional  Inc. 

50  Hz  -  1  MHz  Tektronix  Type  1L5  Spectrum 

Analyzer  Unit 

-  Tektronix  Type  549  Storage 

Oscilloscope 

0 a 01  MHz- 10  GHz  Empire  Devices  Inc.  Model 

1G118B  Microwave  Impulse 
Generator 

0.01  MHz-1  GHz  Empire  Devices  Inc.  Model 

1G-115  Impulse  Generator 

300-1000  MHz  Measurement  Corp.  Standard 

SG  Model  84  TV 

2-400  MHz  Measurement  Corp.  Standard 

SG  Model  80 

5  KHz-50  MHz  General  Radio  SG  Model 

1001A 

0.55-720  MHz  Sprague  Interference  Locator 

M-500 

Mosely  XY  Recorder  Model 
No.  3 

Polaroid  Scope  Camera  with 
UV  Light 

These  instrjments  and  accessories  were  carried  in  a  7-1/2  ton  van, 

equipped  with  antenna  supports,  shelves  and  straps  for  tying  down  the  instru¬ 
ments  . 
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3.2  Antennas  Used 


F  reouenc y  Ranee 

Same 

Hanufacttirer 

30-15,000  Hz 

Electric  Probe 

St odds it  Electro- 
Systems 

0.15-0.25  MHz 

1  and  2  Meter  Vertical 

Stoddart  Electro- 
Systems 

-.15-25  MHz 

1  Meter  Vertical 

Stoddart  Electro- 
Systems 

20-80  MHz 

Dipole 

Stoddart  Electro- 
Systems 

90-350  MHz 

BCA-9G2  Bi -Conical 

Electro-Inter¬ 
national  Inc. 

275-1000  MHz 

BCA-901  Bi -Triangle 

Electro-Interna¬ 
tional  Inc. 

1-10  GHz 

Polarad  Horn  Antennas 

Model  CA-L.  CA-S ,  CA-M, 

CA-X  and  Reflector 

Model  CA-R. 

3.3  Calibration 

of  Instruments 

The  instruments  were  calibrated  with  signal  generators  and  impulse 
generators.  In  this  report  practically  all  the  data  is  in  dB  peak  above 
ljiV/m/MHz  bandwidth  and  all  calibrations  are  referred  to  ms  value  of  sine 
wave.  The  overall  general  accuracy  of  measurements  is  estimated  to  be  -2  dB 
up  to  25  MHz  and  -3  dB  fro  i  25-10,000  MHz. 

4.  Methods  of  Measurement 


In  the  frequency  rai  *•»  up  to  24  MHz  measurements  of  the  field  strength 
were  made  with  rereivers  on  the  ground  and  antenna  on  the  receiver  or  on  a 
ground  plane.  Above  24  MHz  up  to  1000  MHz  practically  all  field  strength  mea¬ 
surements  were  made  with  receivers  inside  the  ven  sod  the  antenna  on  the  van 
roof  bringing  the  antenna  20.5  feet  above  ground  level.  For  the  1-10  G!  range 
the  horn  antennas  were  15  feet  above  ground  level.  As  many  as  three  receivers 
were  used  at  the  same  time  at  different  distances  from  the  litis  under  test. 

All  receivers  were  monitored  by  headphones  and  readings  were  takes  even  if 
only  the  meter  residual  was  present.  This  was  done  in  order  to  make  sure 
that  at  the  specific  test  location  radio  noise  from  the  line  could  not  b? 
measured  or  heard  in  the  headphones. 

All  directional  antennas  were  rotated  for  maximum  signal  with  the  aid 
of  the  remote  indicating  meter  available  with  instruments.  Dipole  antennas 


wn  e*ti  ttm  vertical  and  horizontal  with  the  horizontal  dipola  rotated  for 
■wriana  and  the  horn  antennae  (1-10  GHz)  vara  tilted  for  maximum.  The  FI 
(Field  Intensity),  Q?  (Qoaai-Peak) ,  and  Peak  detector  readings  vere  taken 
on  all  netera  at  practically  all  t tat  locations. 

The  ant tone s  were  sat  up  on  all  lines  at  ataudard  distances  of  50 
and  or  203  feet  laterally  freet  nearest  phase  conductor.  Other  distances 
used  were  300,  400,  500,  300,  1200  and  1600  feet.  Locations  farther  away 
were  in  sight  of  the  line  and  were  choeen  depending  on  accessibility,  trees, 
cultivation,  other  lines,  euto  and  truck  traffic,  and  on  permission  of  the 
land  owner.  For  the  investigations  of  the  field  strength  lateral  profiles 
were  usually  taken  et  distances  20  feet  spert  and  to  200  feet  on  both  sides 
of  centar  line.  In  the  laboratory  the  antennas  vere  20  feet  from  the  test 
conductor. 


The  X-Y  recorder  or  the  spectrum  analyzer  were  used  with  41-inch 
vertical  antenna  from  .014  to  30  M3z,  with  dipole  tuned  to  60  KHz  (calibrated 
for  the  other  frequencies  used  with  this  dipole  antenna)  from  30  to  100  KHz 
and  with  the  broadband  antennaa  above  100  MHz.  The  correlation  of  manual 
readings  with  spectrum  analyzer  photographs  is  discussed  in  Appendix  I  cf 
this  report. 

4.1  The  Artificial  Gap-Type  Radio  Folse  Generator 

The  artificial  gap-type  redio  noise  generator  simulates  natural  gaps 
on  lines  and  it  was  used  es  an  aid  in  the  investigation  of  the  radiation  from 
lines  and  of  the  longitudinal  and  latere!  propagation  characteristics.  A  gap 
in  air  can  be  made  to  generate  noise  abova  the  normal  noise  level  of  a  line 
end  it  also  extends  the  normal  line  frequency  spectrum  to  much  higher  fre¬ 
quencies. 


The  ertificiai  gap  can  be  placed  on  e  lino  at  least  nine  miles  from 
end  of  the  line  and  at  a  place  with  suitable  terrain  and  low  ambient  for  in¬ 
vestigations  end  for  measurements .  A  natural  gap  on  a  line  may  generate  just 
as  much  radio  noise  but  it  may  be  at  a  location  unsuitable  for  the  measure¬ 
ments  required. 

A  drawing  of  the  gap  is  shown  on  Fig.  1  and  a  photograph  on  Fig.  3a. 
The  frequency  spectrum  of  radio  noise  voltage  of  this  gap  is  given  by  Fig.  2. 

4 . 2  Power  Lines  Measured  for  Radio  Noise 

The  following  list  of  lines  includes  figure  numbers  for  the  test 
location  plan,  figure  numbers  of  photograph  of  nearest  tower  or  pole,  con¬ 
ductor  heights,  conductor  gradient  and  figure  numbers  of  normal  line  fre¬ 
quency  spectrum.  Conductor  gradients  are  for  center  phase  and  outside 
phase  for  vertical  and  horizontal  conductor  configuration  respectively. 

For  the  800-kV  dc  line  the  conductor  gradients  are  given  for  the  positive 
and  negative  conductor  for  both  bipolar  and  monopolar  operation. 
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Phase 


Cond. 

Cond. 

»I  Freq. 

Lina  kV 

Test  Loc. 

Photo 

Heights 

Gradient 

Spectrum 

and  Type* 

Fig.  No. 

Fig.  no. 

Feet 

kV  /cm 

ru 

Fig.  No. 

12  HCWP 

_ 

3 

38 

16 

345  VCDC 

4 

11a  108,129.5,153 

17 

17.18 

345  HCWP 

5 

lib 

46 

15.7 

22,23 

525  HCST 

6 

11c 

55  116 

15.6 

24,26 

735  HCST 

7 

lid 

90 

16 

30,31,33,34,35 

765  HCST 

8 

12b,  d 

90 

17,1-A  Line 
22.32-C  Lina 

**800  HCST 

9 

12a 

67 

-22. 57, +22. 57 

38,39,48 

+400,-400  HCST 

- 

- 

+19.4,-19.4 

41 

345  HCST 

10 

• 

55 

15.4 

48 

it  s 

In  the  above 

tabulation 

the  abbreviations  for  the  lines 

are: 

VCDC  *  Vertical  Configuration  Double  Circuit 
HCWP  *  Horizontal  Configuration  Wood  Pole 
HCST  “  Horizontal  Configuration  Steel  Tower 
**  *  This  is  direct  current  test  line  bipolar. 

+400  and  -400  are  for  direct  current  line  monopolar. 


The  original  photographs  of  line  towers  etc.,  wr-e  obtained  with 
Polaroid  black  and  white  or  on  35  mm  film.  The  conductor  heights  were  mea¬ 
sured  at  the  test  location  by  means  of  a  "Telehite"  and  tape  measure  and 
the  conductor  gradients  were  obtained  by  computer. 

4.3  Laboratory  Measurement 

4.3.1  Conducted  and  radiated  measurements  were  made  in  the  Trafford 
EHV  Laboratory  with  the  650-kV  NEMA-107-1964  High  voltage  test  circuit  as 
shown  by  schematic  on  Fig.  13.  Conducted  measurements  were  made  in  the  5L38 
shielded  room,  which  has  a  60-kV  NEMA  high  voltage  test  circuit.  These  labora¬ 
tory  measurements  were  made  with  (1)  artificial  rain  falling  on  a  conductor 
(see  Fig.  3c),  (2)  with  the  5/16-inch  artificial  gap  connected  to  conductor 
and  (3)  with  two  suspension  insulators  with  a  gap  type  discharge  between  them. 

The  measurements  v-?re  made  to  obtain  data  as  to  what  co  .-elation, 
if  any,  exists  between  laboratory  and  field  measurements  and  to  determine 
if  radio  noise  is  generated  by  conductor  corona  and  gap  discharges  in  the 
l  to  10  GHz  frequency  range. 

4.3.2  Artificial  Gap  Spectra 

The  conducted  frequency  spectrum  of  the  5/16-inch  artificial  gap  was 
measured  in  both  the  60-kV  and  the  650-kV  laboratory  test  circuit  from  0.015 
to  10,000  MHz.  The  frequency  spectrum  and  the  circuit  used  in  the  60-kV  lab- 
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oratory  *ra  shot®  on  Fig.  2.  Tba  test  circuit  it  tha  uai  as  Fig.  1  ef  Tech¬ 
nical  Kaport  So.  IADC-TR-66-606 ,  March  1967.  Tha  spectrum  obtained  from 
l  -  10  CHa  hat  been  added.  Several  chack  measurements  were  ar.de  at  lower 
frequencies  to  neke  aura  tbe  teat  condition*  and  circuit  were  eaasntlally 
tba  a am.  Tha  output  of  the  gap  with  tha  150  oh*  loading  la  150  ±2  dS  above 
l  iuV/Ma*  bandwidth  up  to  30  KBs.  Beyond  thla  frequency  the  output  drops  and 
with  narked  fluctuations  above  200  KHz.  It  can  be  seen  from  Fig.  2  that 
radio  noise  can  be  Measured  from  e  gap  discharge  up  to  the  maxiwum  test 
frequency  of  10  GHz. 

The  conducted  and  radiated  Measurements  made  with  the  5/16-inch  gap 
on  tba  650-kV  HSMA  test  circuit,  Fig.  13,  in  Trsfford  High  Voltage  Laboratory, 
are  shown  in  Fig.  14.  The  conducted  spectrum  obtained  with  the  ultre  high 
voltage  test  circuit  has  lower  values  than  the  60-kV  test  circuit  and  read¬ 
ings  start  to  decrease  rapidly  at  such  lower  frequency  (about  5  MHz).  Also, 
bacaats  of  circuit  losses,  this  630-kV  test  circuit  cannot  measure  conducted 
above  250  KHz  whereas  the  60-kV  test  circuit  in  5L38  Laborstory  will  measure 
up  to  3  GHz,  since  this  teat  circuit  is  physically  much  smaller,  and  is  con¬ 
sidered  to  have  lower  losses. 

The  laboratory  radiated  measurements  gave  a  spectrum  which  corres¬ 
ponds  wuch  better  than  laboratory  conducted  measurements  to  the  spectra  ob¬ 
tained  on  power  lines  with  the  5/16-inch  artificial  gap,  see  for  instance. 

Fig.  42  obtained  on  power  lines.  Whe^e  radiation  measurements  were  made 
with  dipole  or  vertical  antennas  it  was  necessary  to  use  small  metal  shields 
at  tips  of  antennas  to  prevent  tip  corona.  Figure  3d  is  a  photograph  of 
corona  on  ends  of  a  dipole  which  la  20  feet  from  conductor  energized  at 
255  W  to  ground. 

4.3.3  Gap-Discharge  Between  Two  Suspension  Insulators 

Two  suspension  insulators  of  the  type  used  on  high  voltage  lines 
were  insulsted  from  each  other  with  two  thicknesses  of  7  mil  tape  at  the 
ball  and  socket  joint.  The  two  insulators  were  then  suspended  from  the 
center  of  the  test  conductor  in  the  5L38  Laboratory  and  energized  at 
22  kV  ac  to  ground.  Conducted  radio  noise  measurements  were  made  in  the 
0.15  KHz  to  10  GHz  range.  Figure  2  gives  the  frequency  spectrum  in  the 
0.15  KHz  to  10  GHz  range  for  the  suspension  insulator  gap  discharge.  Radio 
noise  could  be  measured  up  to  4  GHz.  The  spectra  for  the  5/16-lnch  gap  is 
Included  in  this  figure  for  easy  comparison.  These  spectra  are  attenuated 
rapidly  with  frequency  aoove  50  KHz  by  the  650-kV  NEKA  test  circuit.  It 
ce~  be  seen  that  the  shorter  gap,  about  0.014",  in  the  suspension  insulators, 
has  about  30  dB  less  output  than  the  5/16-inch  gap  at  frequencies  below  20 
KHz.  However,  the  difference  in  magnitude  from  the  two  gaps  decreases  with 
Increasing  frequency  and  is  only  a  few  dB  above  100  MHz. 

4.3.4  Corona  Source  Spectrum 

The  radiated  spectrum  of  conductor  corona  was  also  obtained  in  the 
Trafford  Laboratory  with  artificial  rain  to  the  test  conductor,  which  was  a 
two-conductor  buidle  of  two  1.65  inch  diameter  5005  all-aluminum  alloy  con¬ 
ductors,  Figure  3c  is  a  photograph  of  a  conductor  in  laboratory  rain. 
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Figure  15  is  the  spectrum  obtained  in  heavy  rain  amounting  to  0.03  inches 
per  minute.  The  corona  spectrum  for  a  conductor  in  rain  is  of  lower  magni¬ 
tude  and  of  different  fora  than  the  spectrum  obtained  with  the  5/16-ioch 
gap.  Radio  noise  was  lev  at  5  GHz  but  it  could  be  measured  with  the  in¬ 
struments  available. 

5.  Discussion  of  Measurement  on  Power  Lines 

This  Section  5  discusses  data  and  curves  of  frequency  spectra  for 
power  lines  as  found  and  tests  on  lines  where  the  5/16-inch  artificial  gap 
was  connected  to  one  of  the  line  conductors. 

5.1  Frequency  Spectrum  for  7.2-kV  Low  Voltage  Line 

Measurements  were  made  on  a  low  voltage  line  with  a  gap-type  radio 
noise  source.  The  pole  which  has  this  source  is  shown  on  photograph  of  Fig. 

3b  and  was  found  originally  with  the  Sprague  Interference  Locator  M-500.  The 
frequency  spectrum  shown  on  Fig.  16  was  measured  at  100  feet  in  the  0.15  to 
25  MHz  range  ard  in  the  1  to  10  GHz  range.  Radio  noise  was  detected  in  the 
1-10  GHz  range  from  l  to  2  GHz.  In  the  0.15  -  25  MHz  range  the  spectrum 
is  quite  flat  with  maximum  and  minimum  values  20  dB  apart. 

5.2  345-kV  Vertical  Configuration  Double  Circuit  Line 

5-2.1  Line  Normal 

This  line,  see  Fig.  11a  and  Fig.  4,  was  tested  in  the  0.15  to  25  MHz 
and  in  the  1-10  GHz  range.  The  measurements  in  the  0.15  -  25  MHz  range  were 
made  for  reference  purposes  at  >0  feet  laterally  and  east  of  tower  473.  (This 
is  the  same  test  location  used  for  tests  reported  in  RADC-TR-66-606,  March 
1967.)  The  frequency  spectra  for  the  0.15  -  25  MHz  range  are  shown  in  Fig.  17 
for  October  6  1967  and  for  previous  tests  made  on  November  19,  1965.  The 
frequency  spectrum  obtained  in  the  1-10  GHz  range  was  obtained  at  50  feet 
laterally  on  October  6,  1967.  The  spectrum  obtained  is  on  Fig.  18.  This 
figure  also  shows  the  location  of  antenna  and  height  of  line  conductors. 

Radio  noise  could  be  measured  above  instrument  residual  up  to  2  GHz.  See 
Figures  46  and  47  in  previous  report  RADC-TR-66-606  March  1967,  for  radio 
noise  data  on  this  line  in  the  0.015  to  1000  MHz  range. 

5.2.2  With  5/16-Inch  Artificial  Gap  on  345-kV  ac  Line 

The  5/16-inch  gap  was  connected  to  the  bottom  phase  and  measurements 
were  made  in  the  1-10  GHz  range  on  the  test  location  shown  by  Fig.  4.  With 
the  gap  at  tower  it  was  possible  to  obtain  data  which  indicates  lateral  at¬ 
tenuation  near  ground  level  in  the  giga-hertz  range. 


The  measured  lateral  attenuation  for  1,  1.25,  2,  2.5,  3  and  3.5  GHz 
is  shown  in  Fig.  19  for  vertical  polarization  and  on  Fig.  20  for  horizontal 
polarization.  The  curves  shown  approximate  the  radiation  attenuation  of 
1/distance  ooth  vertical  and  horizontal  polarizations.  The  frequency 
spectra  ob'-->j.ned  at  the  various  distances  from  the  gap  are  shown  on  Fig.  21. 
The  radio  noise  from  this  gap  could  be  measured  up  to  8  GHz  at  109  feet  and 
up  to  3.7  GHz  at  900  feet. 


5.3  345-kV  Horizontal  Configuration  Wood  Pole  Ling 

5.3.1  This  line  uses  wood  tower*  aa  ahown  on  Fig.  lib.  The  test 
location*  for  thi*  line  are  on  Fig.  5.  Measurement*  were  made  In  the  1-10 
GHz  rang*  for  the  firat  time  and  in  the  0.15  -  25  KHt  range  for  reference 
purpose*  and  comparison  with  previous  measurements  reported  in  RADC-TR-66- 
606.  March  1967.  Figure  22  is  a  plot  of  the  data  obtained  In  1966  and  of 
the  data  obtained  in  1968  when  the  measurements  in  the  1-10  GHz  range 
were  made.  The  "flatness"  of  these  spectra  indicate  that  gap  type  source 

or  sources  were  present  on  this  line  during  both  test  times. 

The  measurements  obtained  in  the  1-10  GHz  range  50  feet  laterally 
(60  feat  from  nearest  conductor)  are  plotted  on  Fig.  23.  In  this  case  radio 
noisa  could  be  measured  up  to  2.5  GHz  with  antenna  15  feet  above  the  ground 
plane  (earth) . 

5.4  525-kV  Horizontal  Configuration  Steel  Tower  Line 

A  photograph  of  the  two  525-kV  lines  is  shown  on  Fig.  11c  and  the 
test  locations  are  shown  on  Fig.  6.  Only  one  of  the  525-kV  lines  shown  on 
fig-  11c  was  energized  during  the  test  period  in  January  1968. 

5.4.1  Measurements  with  Line  Mormal 

The  radio  noise  spectrum  was  measured  from  0.01  MHz  to  10  GHz  and 
is  shown  on  Fig.  24.  The  spectrum  was  measured  50  feet  laterally  from  a 

point  on  the  ground  directly  under  the  outside  phase  conductor.  Radio  noise 

was  detected  from  0.010  MHz  to  1.75  GHz.  A  lateral  profile  aa  on  Fig.  25  was 
obtained  for  this  line  near  aidspan.  It  will  be  noted  that  the  profile  is 
unsymmetrical  and  that  the  radio  noise  is  higher  going  west  and  under  the  un¬ 
energized  West  line  conductors.  A  calculated  curve  is  shown  for  the  East  side 
of  the  line.  This  calculated  curve  is  based  on  the  method  described  in  Appen¬ 
dix  II  -  Calculation  of  Electric  Field  Near  a  Transmission  Line  found  in  pre¬ 
vious  report  RADC-66-606  March  1967.  Readings  were  taken  at  five  distances 
up  to  3500  feet  from  line  tower  in  the  0.01  -  25  MHz  range.  Ttie  frequency 

spectra  for  each  distance  are  shown  on  Fig.  26.  The  form  of  spectra  changes 

with  distance,  as  would  be  expected. 

5.4.2  Measurements  with  5/16-Inch  Gap  at  Tower 

The  5/16-inch  gap  was  connected  to  the  outside  phase  (East  phase  of 
the  East  line)  at  the  tower.  Measurements  were  then  made  in  the  0.15  -  25  MHz 
and  1  -  10  GHz  ranges  at  several  lateral  distances  from  the  gap.  Measurements 
were  made  in  the  0.15  -  25  MHz  range  to  determine  if  the  guyed  steel  towers 
used  on  this  line  had  radiation  characteristics  similar  to  the  radiation  char¬ 
acteristics  of  the  self-supporting  steel  towers  used  on  the  other  lines.  These 
frequency  spectrum  measurements  are  plotted  in  Fig.  27  for  the  0.15  -  25  MHz 
range  and  on  Fig.  28  for  the  1-10  GHz  range  for  vertical  polarization.  The 
values  were  on  the  ave.  ge  lower  with  horizontal  polarization. 

Large  variations  in  magnitude,  10  -  15  dB,  occurred  with  small  fre¬ 
quency  changes  in  the  frequency  range  from  2  MHz  to  10  MHz.  This  type  of 
variation  in  magnitude  was  found  for  all  lines  tested  which  had  a  natural 
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gap  source  or  were  tested  with  the  5/16-inch  artificial  gap.  See  Figure  num¬ 
bers  86,87,  92,  98  in  Vol.  I  of  RADC-T&-66-606,  March  1967  report  on  High 
Voltage  Power  Line  Siting  Criteria. 

This  oscillation  in  the  spectrum  chows  up  at  other  towers  on  the 
line  as  shown  by  part  of  data  on  Pig.  92  of  above  report  taken  2.75  miles 
from  the  tower  with  the  gap  type  source.  This  525-kV  line  under  normal 
conditions  with  conductor  corona,  gives  a  smooth  spectrum  as  can  be  seen 
from  Fig  26.  It  is  expected  tliat  with  gap  type  sources  the  radiation  is 
more  efficient  and  the  towers  on  the  line  for  several  miles  act  as  relatively 
efficient  radiators.  The  direction  and  magnitude  of  the  radiation  changes 
with  frequency  in  a  most  complex  manner  because  of  the  many  possible  radia¬ 
ting  elements  composing  a  steel  tower. 

A  comparison  of  Figures  26  and  27  shows  that  this  line  had  about  the 
same  radio  noise  level  under  normal  conditions  up  to  3  MHz  as  was  obtained 
with  the  5/16-inch  artificial  gap  on  the  East  phase  conductor.  It  ic  expec¬ 
ted  based  on  past  experience  that  this  noise  level  will  decrease  with  aging 
of  the  conductors.  The  data  should  not  be  used  to  determine  the  noise  level 
with  rain.  For  noise  level  with  rain  compare  with  other  similar  lines  on 
the  basis  of  gradient,  conductor  diameter  and  conductc-  height. 

The  lateral  attenuation  from  the  gap  in  the  1-2  GHz  range  for 
both  vertical  and  horizontal  polarization  is  shown  on  Fig.  29.  The  inverse 
distance  relationship  is  not  as  evident,  especially  at  2  GHz  on  horizontal 
polarizations,  as  was  found  on  the  345-kV  line,  Fig.  19. 

5.5  735-kV  Horizontal  Configuration  Steel  Tower  Lines 

The  tests  for  735-kV  ac  lines  were  made  on  the  essentially  identi¬ 
cal  North  and  South  lines  shown  in  photograph  Fig.  lid.  The  configurations 
for  these  two  lines  and  the  test  locations  are  given  on  Fig.  7. 

5.5.1  Frequency  Spectra  0.015  MHz  to  7, A  GHz 

Measurements  were  made  from  60  Hz  to  7.4  GHz.  The  frequency  spectrum 

measurements  at  50  and  200  feet  from  tower  0.015  MHz  to  7.4  GHz  are  given  on 

Figs.  30  and  31.  Data  for  frequencies  below  0.015  MHz  are  reported  in  Section 

5.8.  At  50  feet  laterally  from  line  tower  radio  noise  was  detected  up  to  1.5 

GHz.  In  the  I  -  1.5  GHz  range  the  antenna  pointed  toward  the  line  insulators 
except  at  1.12  GHz  the  antenna  pointed  toward  nearest  bundle  conductor's  spacer. 
At  200  feet  laterally  from  the  tower,  radio  noise  was  detected  up  to  400  MHz. 

5.5.2  Lateral  Profile 


The  lateral  profile  for  these  lines  was  obtained  for  the  South  line 
when  the  North  line  was  de-energized.  The  lateral  profiles  are  shown  on 
Fig.  32  for  0.154,  0.5,  1.035  3.05  10.05  and  22.3  MHz.  The  effect  of  the 
de-energized  North  line  can  te  seen  as  the  appreciable  increase  in  magnitude 
shown  under  the  North  line  conductor,  Fig.  32.  In  order  to  obtain  a  calcula¬ 
ted  field  strength  profile  at  1.035  MHz  of  a  magnitude  about  the  same  as  ^he 
measured  profile,  a  generation  of  83.2  dB  above  l  ^iV  is  required  by  the  out¬ 
side  phase  conductor  and  87  dB  by  the  center  phase  conductor. 
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5.5.3  Frequency  Soactra  In  the  0.15  -  25  MHz  Range 

Several  test*  were  made  in  the  0.15  -  25  KHz  range  on  both  the  North 
end  South  line*,  These  teste  were  nade  because  of  the  difference  found  in 
the  noise  '.evel  of  the  two  lines  in  the  beginning  of  tests  and  because  a  gap  - 
type  source  appeared  later  in  the  tests  resulting  in  eodlcatlons  of  the  fre¬ 
quency  spectrum  and  an  increase  in  the  noise  level. 

The  two  lines  are  coaipared  on  Fig.  33.  These  curves  were  obtained 
froa  data  taken  200  feat  laterally  from  the  center-line  of  the  line.  This 
location  is  150  feet  laterally  froa  the  outside  phase.  There  is  a  considerable 
difference  between  these  lines,  varying  from  19  dB  to  about  1.5  dB  from  0.15 
to  8  MHz  respectively.  This  difference  may  be  due  to  aging  of  the  North  line 
conductors.  The  North  line  was  first  energized  on  September  21,  1965  and  was 
in  service  an  average  of  21  days  par  month;  whereas,  the  South  line  was  first 
energized  on  November  20,  1966  and  was  in  service  an  average  of  9  days  per 
■oath.  Obviously,  the  South  line  did  not  have  a  long  continuous  aging  period 
a6  the  North  line.  Also,  the  South  line  had  been  de-energized  for  exactly  a 
month  previous  to  the  day  these  data  were  obtained.  During  this  period,  bugs 
dirt,  etc.  probably  settled  on  the  de-energized  conductors. 

During  the  tests  a  gap  type  source  was  first  detected  In  headphones 
by  its  characteristic  buzz  on  August  28th  soon  after  the  North  line  was  re¬ 
energized  after  being  de-energized  on  August  23,  24,  25,  26  and  27th.  The 
radio  noise  level  near  the  North  line  increased  froa  10  to  20  dB  depending 
on  the  frequency  as  shown  by  curves  on  Fig.  34.  The  change  with  frequency 
was  about  1/f  before  the  gap  source  was  detected  and  about  (1/f)*'^  after 
it  was  detected. 

Measurements  were  made  on  both  sides  of  towers  at  14.1  and  22  MHz 
near  the  test  site  and  at  six  locations  from  approximately  4.8  miles  west  to 
and  approximately  6  miles  ease  of  the  test  site.  The  highest  readings  were 
obtained  on  the  south  side  of  tower  808  which  is  adjacent  to  the  test  site. 

See  Fig.  7.  The  frequency  spectrum  was  then  obtained  on  ,>oth  sides  of 
tower  808  at  a  distance  of  100  feet  laterally  from  the  center-line  of  the 
tower.  The  frequency  spectra  are  on  Fig.  35.  At  the  higher  frequencies 
the  radio  noise  level  becomes  unsymmetrical  indicating  that  the  source  is  at 
this  tower  808  or  not  too  far  away.  The  same  type  of  measurements  were  then 
made  on  tower  809.  At  this  tower  the  radio  noise  level  was  symmetrical  again 
supporting  the  view  that  the  source  is  on  the  South  phase  of  tower  £08.  Visual 
Inspection  and  photographs  were  then  made  at  night  at  tower  808.  No  sources 
were  found  other  than  those  normally  seen  on  the  lover  insulators  on  all  phase 
conductors  on  this  line. 

5.6  765-kV  Apple  Grove  Test  Lines 

This  test  line  was  used  to  obtain  765-kV  data  in  the  1  -  10  GHz  range 
because  the  data  on  the  735-kV  lines  described  in  Sec.  5.5  was  not  complete, 
in  that  it  did  not  include  measurements  from  7.5  to  10  GHz  because  instrumenta¬ 
tion  was  not  than  available. 
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The  Apple  Grove  765-kV  C-ilne  configuration  and  relative  location  of 
the  three  2400-ft.  test  lines  are  shown  on  Fig.  8.  Photographs  of  the  A-llne 
and  C-line  towers  are  shown  by  Figs.  12b  and  12d.  These  test  lines  differ  in 
that  grading  rings  are  used  on  the  bottom  of  the  insulator  strings  on  the  A- 
line  and  in  that  the  A-line  conductors  are  a  bundle  of  four  1. 38-inch  diameter, 
18-inch  subconductor  spacing,  and  the  C-line  conductors  are  a  bundle  of  four 
1-inch  diameter,  18-inch  subconductor  spacing. 

5.6.1  Measurements  in  the  1-10  GHz  Range 

Radio  noise  could  not  be  detected  in  the  1-10  GHz  range  opposite 
A-line  and  C-line  towers  90  feet  from  the  nearest  conductor  and  insulator 
string  and  hardware.  Radio  noise  was,  however  detected  in  the  1  -  10  GHz 
range  at  approximately  60  feet  from  the  nearest  765-kV  substation  apparatus. 

The  spectrum  for  this  substation  source  is  on  Fig.  36.  Radio  noise  could 
be  detected  from  1  to  6  GHz.  Time  was  not  available  for  finding  this  source. 
Teste  could  only  be  made  from  outside  the  substation  fence. 

5.6.2  Effect  of  Gap  Discharge  at  Fence 

Hetal  objects  even  near  ground  level  and  in  the  electric  field  of 
extra  high  voltage  lines  may  discharge  to  each  other  and  cause  radio  noise. 
Fences  parallel  to  and  near  the  conductors  may  have  these  discharges. 

A  200  foot  long  steel  wire  was  placed  four  feet  above  ground  level 
and  insulated  from  the  steel  fence  posts  used  for  this  experiment.  A  gap 
about  5/32  inch  long  was  then  formed  between  the  fence  wire  and  one  of  the 
posts.  This  gap  and  fence  are  shown  on  Fig.  12c. 

Measurements  were  made  on  this  fence  discharge  in  the  frequency  range 
from  0.015  MHz  to  10  GHz  at  a  distance  of  200  feet  laterally  from  the  fence. 
Figure  37  gives  the  frequency  spectrum  obtained. 

This  spectrum  for  discharge  at  the  fence  is  characteristic  of  gap- 
type  discharges  and  radio  noise  is  higher  than  for  normal  high  voltage  lines 
in  corona  with  the  conductors  dry.  Higher  and  lower  noise  levels  can  be  ob¬ 
tained  depending  on  the  radiation  characteristics  of  the  metal  objects  forming 
these  gap  discharges  in  the  electric  field.  Also  the  number  of  pulse  groups 
from  a  three  phase  line  will  be  twice  as  many  as  for  conductor  corona  because 
the«*e  air  gaps  generate  noise  on  positive  and  negative  half  cycles  of  the 
60  Hz  wave.  In  fact,  an  oscilloscope  connected  to  output  of  radio  noise  meter 
will  indicate  if  a  line  has  gap-type  sources  energized  from  all  three  phases 
or  if  the  line  has  corona-type  sources. 

5 . 7  800-kV  Direct  Current  Test  Line 


Radio  noise  measurements  were  made  on  a  4.9  mile  long  direct  cuitent 
test  line  which  could  be  operated  ±400-kV  bipolar,  or  negative  or  positive 
monopolar.  This  test  line  has  two  conductors  and  one  ground  wire.  It  has 
1.26  miles  of  two-conductor  bundle  of  1.82  inch  diam  er  ACSR  and  2.96  miles 
of  a  single  2.4  inch  diameter  ACSR  conductor.  All  the  tests  were  made  near 
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tit*  canter  of  the  line  and  adjacent  to  the  2.4  inch  diene  ter  conductor.  A 
photograph  of  ateal  tower  at  the  teat  site  la  ahown  by  Fig.  12a  and  the  dc 
line  conductor  configuration  and  the  radio  noise  measurement  locations  are 
shewn  by  Fig.  9. 

A  photograph  of  this  line  in  bipolar  operation  is  shown  by  Fig.  49. 
The  positive  conductor  has  numerous  corona  plumes  whereas  the  negative  conduc¬ 
tor  is  practically  dark.  This  photograph  was  made  by  the  Bonneville  Power 
Administration  and  it  is  included  in  this  report  with  their  kind  permission. 

Besides  the  tests  made  with  line  normal,  .zests  were  also  made  with 
the5/l6-inch  gap  connected  to  the  positive  conductor  and  to  the  negative 
conductor.  It  was  necessary  to  modify  the  gap  for  direct  current  operation 
by  removing  the  6-lneh  hemisphere  and  replacing  it  with  a  6-lcch  diameter 
barbed  ring.  In  this  way  come  corona  is  produced  at  the  ring  and  repetitive 
discharges  are  formed  at  the  gap. 

5.7.1  Frequency  Spectra  with  800-kV  Direct  Current 
Line  Hormal _ _ 


5. 7. 1.1  Bipolar  Operation 

The  frequency  spectrum  in  fair  weather  obtained  at  50  feet  laterally 
from  tower  (76  feet  from  the  nearest  conductor  for  0.015  -  25  MHz  range  and 
70  and  72  feet  in  the  30  MHz  to  10  GHz  range)  is  shown  on  Fig.  38.  Radio  noise 
was  detected  up  to  350  MHz.  Ho  noise  could  be  measured  in  the  1-10  GHz 
range  -  fair  weather  or  in  light  rain.  The  magnitude  of  noise  in  the  0.015 
to  30  MHz  range  is  about  the  same  in  fair  weather  as  for  ac  lines  with  the 
same  conductor  gradients.  Manual  data  in  rain  was  obtained  only  in  the  0.15  - 
25  MHz  range  and  in  the  1  -  10  GHz  range.  Rain  data  was  obtained  with  the 
spectrum  analyzer  at  other  frequencies.  Intermittent  high  noise  levels  were 
noted  during  rain  at  50  feet  from  tower  especially  on  dipole  antennas.  This 
is  believed  to  be  due  to  static  on  the  antenna.  These  results  are  discussed 
in  Appendix  I. 

The  effect  of  rain  was  obtained  in  the  0.15  to  25  MHz  range.  In  this 
range  the  frequency  spectra  shown  on  Fig.  39  were  obtained  200  feet  laterally 
at  mid-span  with  and  without  rain.  These  spectra  are  not  as  smooth  as  found 
on  long  lines  but  vary  considerably  because  of  reflections  from  the  open  end 
of  the  test  line  and  partial  reflections  at  the  station  end.  The  noise  level 
in  rain  is,  however,  consistently  lower  than  in  fair  weather.  This  charac¬ 
teristic  for  dc  lines  is  just  the  opposite  to  ac  lines  where  heavy  rain  pro¬ 
duces  an  increase  in  the  radio  noise  level  of  24  dB.  With  respect  to  radio 
noise  due  to  conductor  corona  in  rain  dc  lines  are  not  as  important  as  ac 
lines.  Measurements  by  other  investigators  cn  800-kV  dc  lines  confirm  this 
effect  of  rain  for  dc  linec. 

5 . 7 . 1 . 2  Monopolar  Operation 

Measurements  were  made  In  the  0.15  -  25  MHz  range  with  positive 
monopolar  operation  (+400  kV  on  positive  conductor  to  ground,  negative  con- 
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ductor  grounded)  and  negative  monopolar  operation  (positive  conductor  gro-  tded). 
These  measurement!.  were  rade  to  obtain  a  comparison  between  conductor  nt0at£ve 
and  conductor  positive.  The  frequency  spectra  were  obtain'd  in  the  0.15  to 
25  MHz  range  and  they  are  shown  in  Fig.  41.  The  radio  noise  was  about  the  same 
for  positive  and  negative  conductor  polarity  between  0.5  MHz  and  1.6  MHz.  B#" 
low  0.5  MHz  it  was  considerably  higher  on  monopolar  negative,  25  dB  at  0.154 
MHz,  and  it  was  25  dB  higher  from  3  to  4  KHz  on  monopolar  positive.  It  will 
be  shown  later  that  for  tests  with  the  5/16-inch  gap  on  positive  and  on  nega¬ 
tive  monopolar  operation,  monopolar  negative  has  the  higher  radio  noise  above 
0.6  MHz. 


5.7. 1.3  Lateral  Profile  at  Mid-span 

The  lateral  profile  for  this  dc  test  line  at  mid-span  under  bipolar 
operation  is  shown  on  Fig.  40.  The  lateral  profile  is  considerably  different 
than  for  ac  lines,  see  Fig.  32,  in  that  only  one  crest  occurs  and  that  the 
crests  are  shifted  to  be  under  the  conductors.  This  is  because  the  positive 
and  negative  polarity  generators  are  not  of  the  same  magnitude  and  these 
relative  magnitudes  change  with  frequency.  The  calculated  lateral  profile 
for  the  same  generation  on  both  positive  and  negative  conductors  is  shown 
by  the  dashed  line  on  Fig.  40  for  1  MHz.  This  profile  was  obtained  assuming 
a  generation  of  100  dB  above  t  uV  on  the  positive  conductor. 

5.7. 1.4  Comparison  of  800-kV  dc  Line  with 
345-kV  ec  Line 


A  345-kV  ac  line  which  ha3  been  in  service  for  several  years  was 
tested  in  fair  weather  at  the  same  time  as  the  800-kV  dc  line.  Both  lines 
were  measured  at  50  feet  laterally  from  the  outside  conductor.  This  ac  line 
is  approximately  four  miles  from  the  dc  line.  The  comparison  tests  started 
at  1445  hours  and  finished  near  1520  hours  on  January  8,  1968.  The  frequency 
spectra  obtained  are  on  Fig.  48.  The  radio  noise  level  on  the  345-kV  ac  line 
Is  lower  than  on  the  dc  line.  This  is  expected  for  this  ac  line,  based  on  the 
conductor  diameters  and  their  gradients  as  shown  by  the  calculated  curves  for 
the  2.4  inch  conductor  at  800  kV  dc  and  the  345-kV  ac  line  on  Fig.  48  for  the 
lateral  distance  of  50  feet. 

5.7.2  Measurements  with  5/16-Inch  Gap 

Radio  noise  measurements  were  made  in  the  0.015  MHz  to  10  GHz  range 
with  bipolar  operation  at  800-kV  dc  on  the  test  line  and  with  the  5/16-inch 
artificial  gap  connected  to  the  negative  conductor  at  tower.  Measurements 
were  also  made  in  the  0.15  to  25  MHz  range  with  bipolar  operation  -400  kV 
with  the  5/16-inch  gap  connected  to  the  positive  conductor. 

5.7.2. 1  Frequency  Spectra  with  Bipolar  Operation 
at  800  kV 


The  frequency  spectrum  obtained  at  200  feet  with  the  gap  connected 
to  the  negative  conductor  is  shown  on  Fig,  42.  It  was  possible  to  measure 
radio  noise  at  this  distance  over  the  range  of  0.015  MHz  to  7  GHz.  The 
noise  level  fluctuates  at  the  low  frequencies,  below  1.5  MHz,  because  of  the 
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test;  Has  characteristic*  and  It  flu c  tu* te  s  rapidly  because  ot  t ewe r  r^diA** 
tioa  characteristics  in  the  1.8  to  5  M2 z  range  as  has  been  found  and  dis¬ 
cussed  previously  for  gap  type  sources.  TH*  5/16-inch  gap  was  connected 
to  tha  positive  conductor  and  measurements  made  in  the  0.15  -  25  KHz  range. 
These  measurement*  are  coopered  oa  pig.  13  to  those  obtained  with  the  gap 
connected  to  the  negative  conductor.  At  the  higher  frequencies,  above  4  MHz, 
there  is  as  much  as  30  d3  difference  In  gap  output.  This  was  unexpected 
since  the  gap  is  symmetrical  in  that  both  of  the  gap  electrodes  are  exactly 
alike.  Later  on,  measurements  were  made  in  the  2-L  Laboratory  with  a  ^250-fcV 
high  potential  tester.  The  5/16-inch  artificial  gap  was  set  at  5/32  inch  for 
insulation  reasons  and  measurements  were  cade  in  the  0.15  -  25  KHz  range  on 
both  positive  and  negative  polarity.  The  test  circuit  was  the  same  as  shown 
on  Pig.  2  and  used  for  ac  tests  on  gaps.  Measurements  wire  also  made  of  the 
peak  output  on  positive  and  negative  half-cycles  of  the  60  hertz  wave.  This 
was  done  by  means  of «  scope  in  the  output  of  the  HM-20  receiver  and  the  peak 
measuring  slide  back  circuit  on  this  receiver.  It  was  found  for  dc  that  the 
output  is  essentially  the  same  on  positive  and  negative  polarity.  For  ac 
the  peak  values  were  essentially  the  same  for  both  half  cycles  and  of  the 
same  magnitudes  as  for  the  plus  or  minus  dc  measurements. 

From  these  laboratory  tests  it  appears  that  gaps  give  the  same  peak 
output  on  ac  and  dc.  The  reason  for  the  decreased  output  for  positive  polar¬ 
ity  on  the  800 -kV  test  line  as  shown  on  Fig.  43  is  not  known.  At  the  test 
line  there  Is  a  movement  of  ions  from  one  conductor  toward  the  other  and 
theae  ions  may  have  reached  the  gap  and  changed  the  breakdown  characteris¬ 
tics  of  the  gap  when  it  was  connected  to  the  positive  conductor.  This  effect 
did  not  exist  during  the  laboratory  tests.  Comparison  of  Figures  27  and  42 
for  200  feet  distance  shows  that  the  radio  noise  from  the  gap  was  about  the 
same  from  the  800-kV  dc  line  as  it  was  from  the  525-kV  ac  line.  This  is  ex¬ 
pected  baaed  on  the  laboratory  tests  described  above. 

With  the  5/16-iach  gap  on  the  negative  conductor  and  the  test  line 
energized  at  800  kV  it  was  possible  to  make  measurements  from  0.015  to  400 
MHz  at  200,  400,  800  and  1300  feet  from  the  tower  with  the  5/16-inch  gap  type 
source.  The  results  are  plotted  on  Figures  44,  45,  and  46  for  three  fre¬ 
quency  ranges.  In  the^lowest  frequency  range  of  0.01  to  0.154  MHz  the  at¬ 
tenuation  Is  about  l/d^  or  l/d^  (aee  Fig.  44)  and  about  l/d  in  the  other 
two  frequency  ranges.  Figures  45,46. 

At  1300  feet  there  was  a  fence  50  feet  away  and  the  antenna  was  be¬ 
tween  this  fence  and  the  line.  This  may  be  why  Figures  45  and  46  show  that 
readings  at  1300  feet  average  somewhat  higher  than  they  do  at  800  feet.  At 
400  feet  on  Fig-.  46  there  are  two  groups  of  readings.  The  lower  group  is  at 
frequencies  above  150  MHz.  No  explanation  is  available  for  this  abrupt  change 
in  ljvel  above  150  MHz.  These  lateral  attenuation  curves  for  dc  lines  are 
similar  to  those  obtained  on  ac  lines  and  reported  in  RADC-TR-66-606  Vol.  1, 
March  1967. 

5.8  Low  Frequency  Electric  Field  Measurements  -  60  Hz  to  15  KHz 

All  measurements  were  made  with  the  electric  antenna  mounted  on  a 
tripod  at  a  height  approximately  six  feet  above  ground  and  oriented  for 
maximum  indication  on  the  field  strength  meter.  See  Section  3.1  for  a 
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description  of  the  instrument  used.  All  measurements  were  made  with  the 
instrument  bandwidth  adjustment  set  to  the  aeasurewent  bandwidth  of  8  St. 

The  results  of  these  measurements  at  200  feet  from  the  outside  phase  can 
be  seen  in  Figures  50  through  52.  Figufi  53  shows  the  Audio  Frequency  Re¬ 
ceiver  residual  for  the  different  gasoline  engine  power  supplies. 

A  lateral  profile  for  the  525-kV  line  for  60,  180,  240,  300  and 
360  Hz  is  shown  plotted  on  Fig.  54.  Figure  54  shows  that  as  the  frequency 
was  increased  the  point  at  which  the  field  strength  started  attenuating  as 

the  inverse  distance  cubed  occurred  closer  to  the  525-kV  line.  The  electric 

field  strength  for  60  Hz  between  50  and  400  feet  cannot  be  compared  directly 
with  the  other  levels  since  the  60  Hz  field  strength  in  this  distance  range 
was  above  the  instrument’s  measurement  range.  At  some  frequencies,  the  at¬ 
tenuation  was  greater  than  the  inverse  distance  cubed  relationship,  but  this 

could  be  due  to  the  uneven  terrain. 

In  Technical  Report  No-  RADC-TR-66-606,  torch  1967,  even  order  har¬ 
monics  were  measured  on  some  lines  345  kV  and  below.  Even  order  harmonics 
were  detected  on  both  the  525-kV  ac  and  the  800-kV  dc  lines.  On  Fig.  50  all 
the  harmonics  for  525-kV  line  are  plotted.  The  even  harmonics  were  plotted 
up  to  and  including  1200  Hz;  but  beyond  this,  for  sake  of  clarity,  only  the 
odd  harmonics  were  plotted.  Figure  50  shows  that  the  even  and  odd  harmonics 
are  about  equal  magnitude  and  this  was  also  true  above  1200  Hz. 

The  harmonics  for  the  800-kV  dc  test  line  (Fig.  52)  were  measured 
half-way  between  the  positive  and  negative  conductors.  At  locations  100 
and  200  feet  from  the  positive  conductor,  the  electric  field  levels  were 
quite  low,  mostly  below  ambient.  This  data  indicates  that  a  small  amount 
of  harmonics  come  through  the  rectifier  equipment  and  without  a  definite 
pattern  for  either  the  even  or  odd  harmonics. 

The  consistent  presence  of  even  harmonics  during  these  tests  led 
to  laboratory  measurements  in  an  attempt  to  find  an  explanation.  It  was 
found  that  the  5/16-inch  gap  produces  even  harmonics  when  it  is  connected  to 
a  single  phase  line.  This  is  similar  to  a  single  phase  full-wave  rectifier 
in  that  alternate  periods  of  conduction  and  non-conduction  x#ill  produce  har¬ 
monics  with  an  order  of  k  =  2n  ,  n  is  any  integer.  This  analysis  suggests 
that  if  similar  gaps  were  hung  on  each  phase  of  a  three-phase  line,  harmonics 
of  the  order  of 


k  =  6r 

would  be  generated  which  is  what  a  six  pha~e  rectifier  produces.  A  scope  in¬ 
dependent  of  the  Stoddart  NM40  was  also  used  to  observe  the  even  harmonics 
generated  by  the  5/16-inch  gap. 

A  General  Radio  pulse  generator  with  a  variable  repetition  rate  was 
used  to  verify  that  noise  could  produce  harmonics.  The  utput  of  the  pulse 
generator  was  fed  directly  into  the  NM40.  Repetition  rates  which  produced 
frequencies  of  50,  60  and  100  Hz  were  used  and  narmonics  of  the  order  of 
k  =  2n  were  detected. 
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The  ha monies  measured  on  the  525  and  735-kV  lf~e  were  made  with¬ 
out  the  5/16-inch  gap  hanging  on  one  of  the  outside  phases.  If  only  corona, 
is  present  on  the  line,  the  above  analysis  suggests  that  the  positive  corona 
(since  it  is  such  larger  than  the  negative  corona)  would  generate  harmonics 
of  the  order 

k  -  3n  , 

or  similar  to  a  three-phase  rectifier.  Since  the  generated  corona  is  larger 
for  the  center  phase  than  for  the  outside  phase  for  horizontal  line  configura¬ 
tions,  it  seems  logical  that  the  generated  harmonics  from  the  center  phase 
would  predominate.  The  harmonics  generated  would  be  of  the  order 

k  -  n 

or  similar  to  a  single  phase  half-wave  rectifier. 

This  reasoning  has  not  been  verified  experimentally. 

6.  Discussion  of  Results  for  Lines  Normal 

6.1  12-kV  Line  In  the  1-10  GHz  Range 

Radio  noise  was  detected  from  1  to  2  GHz  at  100  feet  from  the  1 ine 
conductors. 


345-kV  Line  in  the  i  -  10  GHz  Range 


Radio  noise  was  detected  on  the  vertical  conf iguration  345-kV  line 
up  to  2  GHz  at  105  feet  from  the  nearest  conductor  and  was  detected  up  to 
2.5  GHz  on  the  345-kV  horizontal  configuration  wood-pole  line  at  60  feet 
from  the  nearest  conductor. 


525-kV  Line  in  the  60  Hz  to  10  GHz  Range 


In  the  60  Hz  to  0.01  KHz  frequency  range  both  even  and  odd  harmonics 
of  60  Hz  of  approximately  the  same  magnitude  were  detected.  These  harmonics 
varied  ns  l/d^  with  lateral  distance  beyond  200  to  400  feet  defending  on  the 
frequency.  Radio  noise  was  detected  from  0.10  MHz  to  1.75  GHz  112  feet 
from  the  nearest  conductor. 


735-kV  Line  in  the  60  Hz  to  10  GHz  Range 


In  the  60  Hz  to  0.01  MHz  frequency  range  the  120  Hz  component  and 
the  odd  harmonics  of  60  Hz  were  detected.  Radio  noise  was  detected  from 
0.010  MHz  to  1.5  GHz  at  90  feet  from  the  nearest  conductor. 


6 . 5  Apple  Grov a  765-kV  Tsst  Project 
6.5.1  1  -  ’.0  GHz  Range 


Radio  noise  was  not  detected  at  90  feet  from  the  nearest  conductor 
on  the  A  or  C  test  lines;  however  radio  noise  was  detected  from  1  to  6  GHz  from 
the  nearest  765-kV  substation  apparatus. 
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6.5.2  Gap  Discharge  on  Fence  Beneath  Teat  Line  In  the 
0.015  Ms  to  10  ggs  Rente _ 

Radio  noise  was  detected  from  9.015  MHz  to  7.5  GHs  at  200  feet  later¬ 
ally  fro®  the  fence. 

6.6  800-kV  dc  Test  Line  la  the  60  Bz  -  10  GHs  Range 

In  the  60  Hz  to  0.810  MHz  frequency  range  a  pattern  of  even  and  odd 
harmonics  of  about  the  mbs  magnitude  were  detected,  but  cone  vere  not  detected. 
These  measurements  were  performed  midway  between  the  positive  and  negative 
conductors  at  ground  level. 

Radio  noise  was  detected  from  0.10  MHz  to  350  MHz  at  72  feet  from 
the  nearest  conductor.  This  800-W  dc  line  radio  noise  is  lower  In  rain  than 
in  fair  weather.  In  fair  weather  the  de  line,  baaed  on  measurements c  has 
essentially  the  same  radio  noise  level  aa  ec  lines  and  the  prediction  method 
for  dry  conductor  corona  for  ac  lines  baaed  on  conductor  gradients  and 
diameter  may  be  used  for  dc  lines. 

7.  Discussion  of  Results  of  Laboratory  Testa 

7.1  In  the  60  Hz  to  0.01  MHz  frequency  range  even  harmonics  could  be  de¬ 
tected  from  the  5/16-inch  gap. 

7.2  With  artificial  rain  of  0.03  inches  per  minute  applied  to  a  conductor, 
radio  noise  was  detected  from  0.15  to  5  GHz  with  antenna  20  feet  from  the  con¬ 
ductor. 


7.3  Conducted  and  radiated  measurements  were  compared  with  the  650-kV 
NEMA  test  circuit.  It  was  found  that  radiated  radio  noise  could  be  detected 
up  to  10  GHz;  whereas  conducted  radio  noise  could  be  detected  only  to  259 
MHz. 


7.4  Conducted  radio  noise  was  detected  from  0.15  to  4  GHz  on  the  60-kV 
NEMA  test  circuit  from  a  gap  discharge  between  two  suspension  insulators. 

8.  Application  of  Results 

This  section  gives  methods  of  prediction  for  conductor  corona  type 
radio  noise  and  for  gap-type  radio  noise.  In  the  predict  on  methods  for 
power  lines  it  is  necessary  to  consider  power  lines  below  70  kV  separately 
from  power  lines  above  70  kV.  This  separation  is  based  on  the  fact  that  lines 
below  70  kV  may  have  gap-type  local  sourcea  and  generally  «re  free  of  conduc¬ 
tor  corona  type  radio  noiae,  and  that  power  lines  above  70  kV,  especially 
extra  high  voltage  lines  (345  kV  and  above),  operate  with  conductors  in 
corona.  These  higher  voltage  lines  may  also  have  gap-type  local  sources 
which,  however,  can  be  located  and  usually  eliminated.  Nevertheless,  one 
should  be  aware  of  these  possible  sources.  Based  on  the  radio  noise  mea¬ 
surements  made  it  can  be  said  that  there  la  no  line  voltage  discrimination 
with  respect  to  radio  noise  from  power  lines. 
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8.1  Prediction  for  the  525,  735  kV  sc  end  dOO  W  dc  Lines 

for  Conductor  Corona  Radio  golsa _ _ 

The  aeasuromants  end  analysis  ss  reported  apply  to  the  ground  wave 
propagation  as  effected  by  the  presence  of  ground  and  as  defined  by  Norton 
(see  Appendix  II).  dky-vaves  and  tropospheric  waves  are  not  considered. 

The  prediction  aethod  for  conductor  generated  radio  noise  from  the 
525  and  735  kV  ac  lines  is  similar  to  the  aethod  described  for  lines  up  to 

and  including  345  kV,  snd  reported  in  &ADC-TR-66-606,  Voi.  II,  March  1967. 

for  dc  lines  the  prediction  aethod  is  the  same  except  that  the  magnitude  of 

conductor  generated  radio  noise  in  fair  weather  is  used  because  radio  noise 

decreased  with  rein  on  the  800  kV  dc  line.  For  ac  lines  rsdlo  noise  increased 
with  rain  and  for  heavy  rain  the  increase  is  taken  as  24  dB  above  the  average 
fair  weather  value  for  ac  lines  and  the  rain  value  Is  used  for  prediction. 

In  the  prediction  of  radio  noise  due  to  conductor  corona  the  magni¬ 
tude  is  based  on  a  comparison  method  as  shown  by  the  following  empirical  equa¬ 
tion.  A  comparison  method  is  nacessary  because  it  is  not  possible  to  calculate 
corona  noise  generation  from  the  presently  known  physical  processes.  The  refer¬ 
ence  line  is  taken  as  a  typical  line  with  a  one-inch  diameter  conductor  with  a 
gradient  of  18  kVru/cm.  For  bundle  conductors  the  msximua  gradient  on  the 
•ubconductors  is  used  in  this  report. 

The  empirical  equation  for  compering  ac  lines  with  radio  uolse  due 
to  conductor  corona  in  fair  weather  or  in  rain  is  as  follows: 


E  -  Eo  +  3.5  <g  -  gQ)  +  30  logl0  +  20  log  ~  ...  8.1 

O  O  d 


where  E  and  E  are  in  dB  above  1  uV/m 
o 

g  snd  g  are  the  conductor  surface  gradient  in  kV  /cm 
o  ras 

r  and  r  are  the  conductor  radii 
o 

h  and  ho  are  the  conductor  heights 

d  and  d  are  the  distances  to  the  conductor 

o 

For  dc  lines  change  the  constant  3.5  to  2.48  and  use  the  conductor  gradient 

obtained  from  the  dc  voltages.  The  terms  with  the  sere  subscript  refer  to 

the  reference  line  which  has  a  one- Inch  diameter  conductor  with  a  gradient 

of  18  kV  /cm  for  sc  lines  and  25.4  kv/cm  for  dc  lines, 
rras 

The  conductor  gradients  for  lines  tested  are  given  in  section  4,2 
and  for  other  lines  they  can  be  obtained  from  the  gradient  factor  curves  of 

Figures  3  and  4  of  Appendix  II,  pp.  174,  175,  PADC-TR-66-606s  Vol.  I,  March 

1967. 
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In  the  prediction  asst  hod  need  here  the  equation  is  used  to  establish 
the  radio  noise  magnitude  at  1  KEx.  The  referer~e  distance  is  taken  as  200 
feet  because  lines  can  be  measured  at  this  distance,  data  is  available  frost 
other  lines,  and  at  this  distance  the  radio  noise  Magnitude  for  conductor 
corona  decreases  on  the  average  as  (20  dB  per  frequency  decade).  This  cen 
be  seen  from  ateasured  data,  Figures*31a,  21b,  42  of  this  report  and  Figures 
44,  46,  47,  in  report  &ADC-TR-66-606,  March  1967. 

The  conductor  corona  noise  Magnitude  prediction  curvet  of  Pig.  55  for 
the  525-  and  735-kV  ac  11ms  in  rain  and  for  Che  800-kV  dc  line  in  fair  weather 
were  obtained  from  the  above  equation  with  the  one-inch  diameter  conductor 
in  rain  as  the  reference  line.  The  magnitude  E0  in  equation  8.1  at  1  MHz,  for 
the  fair  weather  curve  of  Fig.  55  for  Che  reference  line  is  based  on  the  aver¬ 
age  o£  published  data  for  radio  noise  near  several  345-kV  lines  of  the  Bonne¬ 
ville  Po^er  Administration  and  at  the  Apple  Grove  and  SBV  test  projects.  The 
curves  for  the  525-  and  735-kV  lines  are  for  rain  and  are  based  on  rein  data 
on  test  lines  and  these  curves  are  for  rates  of  rain  where  the  radio  noise 
level  no  longer  increases  with  rate  of  rainfall.  For  rainfall  greater  than 
about  0.25  inches  per  hour  (defined  as  heavy  rain)  the  Increase  in  radio  noise 
is  insignificant. 

A  prediction  for  conductor  corona  type  radio  noise  in  heavy  rain  has 
been  made  for  the  525-kV  line  assuming  s  90  foot  conductor  height  and  3  foot 
and  20.5  foot  antenna  heights  and  vertical  polarization.  (For  corrections  to 
dipole  antenna  heights  ebeve  20  feet  see  Fig.  11-27,  page  39  of  report  StADC- 
TR-66-606,  Vol .  II,  March  1967.)  The  predicted  values  with  lateral  distance 
from  the  525-kv  line  ere  given  by  Fig.  56  for  the  0.015  -  15.3  MHz  range  and 
by  Fig.  57  for  the  30.72  MHz  to  10  GHz  range.  The  values  on  these  figures  w>re 
obtained  by  using  the  predicted  aagnitude  versus  frequency  curve  for  525-kV 
line  from  Fig.  55  and  the  lateral  attenuation  curves  Figures  II-8,  II-9,  11-11, 
11-12,  11-13  in  RADC-TR-66-606 ,  Vol.  II,  pages  20,  21,  23,  24,  25  for  the 
0.015  -  15.36  MHz  range  and  Figures  58  and  59  of  this  report  for  the  30  MHz 
to  10  GHz  range.  This  prediction  assumes  plane  earth  withO  30  and  <T«*  20 
milli-mhos/meter  square. 

These  prediction  curves.  Figures  56  and  57,  may  be  used  for  735-kV 
line  also  since  all  conditions  are  the  same  and  the  aagnitude  is  only  1  dB 
less  (see  Fig.  55)  than  for  the  525-kV  line.  The  525-kV  prediction  curves  may 
also  be  used  for  the  800-kV  line  given  on  Fig.  55  for  90  foot  conductor  height, 
by  subtracting  the  20  dB  difference  shown  on  Fig.  55  from  the  predicted  values 
of  Figures  56  and  57  for  the  525-kV  line. 

8.2  Prediction  for  7.2-kV  Line  in  the  1-10  GHz  Range 

From  the  measurements  made  on  this  line  in  the  0.15  -  25  MKz  range 
it  is  found  that  this  line  has  a  4  -  10  dB  higher  noise  leve1  above  1  MHz  than 
the  4.16-kV  low  voltage  line  which  had  the  highest  level  of  the  low  voltage 
lines  tested  and  reported  in  RADC-TR-66-606,  Vol.  II,  March  1967. 

This  7.2-kV  line  is  considered  a  typical  low  voltage  line  and  the 
values  measured  in  the  1-10  GHz  range  probably  are  upper  bound  values  and 
may  be  used  for  all  lines  below  70  kV.  For  this  range  the  maximum  value  of 


23 


34  dB  «s*  obtained  at  1.48  GHs,  at  100  feet  mjr,  with  vertical  polarization. 
For  a  diittKi  of  20C  fact  this  naximu*  value  will  be  6  dB  less  or  48  dB  for 
teat  aateuaa  height  of  15  feet.  For  this  prediction  exaatple  a  20.5  foot  re¬ 
ceiver  antenna  height  is  assumed.  This  results  in  a  correction  of  +2  and 
the  radio  noise  magnitude  is  then  SO  dB  at  1.**  GRz.  (For  antenna  height  cor¬ 
rection  sea  Fig.  11-27,  peg*  39  of  Report  RADC-ii- 66-606,  Vol.  II,  March  1967.) 

Figure  60  gives  the  Magnitude  for  all  Unas  as  obtained  iron  s.sa- 
aoruwnts  in  the  1-10  GHz  range  and  corrected  as  in  the  above  example.  For 
aoae  of  the  lines  the  highest  values  were  obtained  with  horizontal  polarization 
and  for  othara  with  vertical  polarization.  These  curves  ere  for  all  the  lines 
frtei  which  radio  noise  could  be  detected  in  the  1-10  GHz  range  and  measured 
above  the  lostrunsnt  residual.  The  change  in  magnitude  with  frequency  is 
shown  as  j  or  20  dB  per  frequency  decade.  Thia  is  based  principally  on 
Figs.  21,  37  end  42  for  the  gap- type  sources,  where  reedings  were  obeained 
to  several  glge-hertz.  These  figures  indicate  that  this  is  a  good  approxima¬ 
tion  for  extrapolation  of  data  measured  only  in  the  low  end  of  the  1-10 
G&z  range. 


By  weans  of  Fig.  60  and  the  lateral  attenuation  curves  of  Fig.  61 
for  antenna  height  of  20.5  feet  and  conductor  height  of  38  feet,  the  radio 
noise  magnitude  with  lateral  distance  was  determined  and  was  plotted  out  to 
about  80,000  feat  froa  the  7.2  kV  line  for  1.25,  5  and  10  GHz.  Thi3  pre¬ 
diction  assumes  plane  earth  with  £.*  30  and  o' -  20  ssilli-mhos/raeter  square. 

8.3  Prediction  Method  with  Gap-Type  Sources  for  the  735-kV 

Line  for  the  1-10  GSz  Range _ _ 

For  the  1-10  GHz  range  the  prediction  will  be  made  for  the  735-kV 
line.  The  measured  values  are  believed  to  be  from  gap-type  sources  from  line 
parte  at  the  tower.  The  1-10  GHz  antennas  pointed  .it  iasulutor  strings  for 
«air<M  meter  reeding.  It  is  pointed  out  here  that  in  the  i  -  10  GHz  range 
no  radio  nolae  was  detected  from  the  A  or  C  line  towers  at  Apple  Grove  at 
765  kV,  see  Sec.  5.6.  Nevertheless,  without  a  careful  investigation  of  tower 
components,  it  is  reconsunded  that  prediction  be  based  on  what  was  measured 
in  the  1-10  GHz  range  on  other  lines.  In  this  ruse  the  curve  on  Fig.  60 
for  the  735-kV  line  will  be  used  with  th*  lateral  attenuation  curve  of  Fig.  59 
for  conductor  height  of  90  feet  and  receiver  antenna  height  of  20.5  feet.  This 
is  the  same  receiver  antenna  height  used  for  the  7.2-kV  line  prediction. 

The  radio  noise  level  to  a  lateral  distance  of  about  80,000  feet  is 
ehown  on  Fig.  62  for  this  735-kV  line  for  the  three  frequencies  of  1.25,  5 
end  10  GHz.  In  this  example,  the  prediction  assumes  plane  earth  with  dielec¬ 
tric  constant  £."30  and  conductivity  O’*  20  mi 111 -mhos /me ter  square. 

The  predicted  values  for  most  lines  below  70  kV  in  the  1-10  GHz 
range  can  be  approximated  for  20.5  foot,  .^ceiver  antenna  heights  by  using 
Fig.  61  directly  because  these  low  voltage  lines  do  not  differ  much  in  con¬ 
ductor  height. 

For  the  two  345-kV  and  the  525-kV  lines  tested  the  predicted  values 
in  the  i  -  10  GHz  range  can  be  obtained  for  any  distance  out  to  10,000  feet 
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by  subtracting  fro*  curves  of  Pig.  62  the  difference  in  magnitude  shown  on 
Fig.  60  between  the  735-kV  line  and  the  345-  and  525-kV  lines.  Beyond  10,000 
feat  it  is  necessary,  because  of  conductor  height  differences,  to  also  use 
Figs.  3,  6  and  8  in  Appendix  II. 

8.4  Prediction  for  the  Fence  Near  765-kV  Line  for  the  1-10  GHx 

Range _ _ _ _ _ 

This  prediction  is  included  because  the  conditions  during  this  ex¬ 
periment  can  exist  in  practice  and  because  relatively  high  radio  noise  vcs 
measured.  In  this  case  the  transmitting  antenna  is  4  feet  high  and  again  a 
receiver  antenna  height  of  20,5  feat  will  be  assumed.  The  magnitude  of  radio 
noise  from  the  fence  gap  at  200  feet  away  is  given  by  Fig.  60.  The  lateral 
attenuation  curve  for  prediction  out  to  60,000  feet  is  on  Fig.  59  of  this 
report.  By  means  of  these  two  curves  the  predicted  radio  noise  from  200 
feet  to  about  20,000  feet  at  1.25,  5  and  10  GHz  was  determined  and  plotted 
on  Fig.  63.  This  fence  gap  effect  will  be  independent  of  line  voltage  as 
long  as  the  60  cycle  field  at  fence  is  sufficient  to  break  down  the  gap  on  the 
fence. 
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Fig.  2-Frequency  spectrum  for  5/16"  gap  and  for  suspension  insulator  gap 


(a)  Artificial  Gap  Type  Radio 
Boise  Generator 


(b)  Low  Voltage  Line  tested  in 
the  1-10  GHz  Range 


(C)  Conductor  Radio  Noise 
Teet  in  Laboratory  Rain 


(d)  Corona  at  ends  of  dipole- 
antenna 
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345  kV  Vertical  Config  Line 


Fig.  4  -345  kV  VCST  line  configuration  and  test  locations 
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Fig.  10  ”345 kV  steel  tower  line  configuration  and  test  location 
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(a)  345  kV  Double  Circuit  Vertical 


(b)  345  kV  Horizontal  (Wood  Pole) 


(d)  735  kV  Horizontal  Linos 
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(c)  525  kV  Horizontal  Lines 


Fig.  11 
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(c)  Discharge  to  wire  near  ?50-kY  Line 


(d)  750-kV  ac  Test  Line  with  Grading 
Rings 


Fig.  12 
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1964  circuit 


Fig.  15(a)-frequency  spectrum  of  conductor  corona  in  lab  rain 


Fig.  15(b)  “Comparison  of  radio  noise  levels  from  5/16"  gap  and  rain  type  sources 


frequency  spectra  for  7. 2  kV  line  with  gap-type  source  100  ft  away 
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Frequency  spectrum  from  I  to  10  GHz  on  345  kV  line  at  tower  473 
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attenuation  from  5/16"  gap  at  tower  on  345  kV  line  -  horizontal  polarization 
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Frequency  spectra  at  several  distances  from  525  kV  line  tower 
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Fig-  28  -Frequency  spectra  with  5/16:’  gap  on  525  kV  line  at  tower 


Fig.  29-Lateral  attenuation  from  5/16"  gap  on  525  kV  line  in  1~2  GHz  range 


Frequency  spectrum  of  735  kV  line  at  50  foot  lateral  distance  from  tower 
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Fig.  31(a)~Frequency  spectrum  of  735  kV  south  line  at  200  foot  lateral  distance  from  tower 


Frequency  spectrum  of  735  kV  north  fine  at  200  feet  from  tower 


Fig.  34-Frequency  spectra  for  735  kV  line  with  corona  and  with  natural  gap  type  source 
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Fig.  36  -Frequency  spectrum  near  765  kV  sub-station 


Fig.  37  -Frequency  spectrum  of  discharge  gap  on  "fence"  near  765  kV  line 


Fig.  38  -Frequency  spectrum  of  800  kV  dc  test  line  30  ft  opposite  tower 
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ig.  39  “Frequency  spectra  of  800  kV  dc  test  line  in  fair  weather  and  rain 


Fig.  42  -Frequency  spectrum  with  5/16"  artificial  gap  cn  800  kV  X  »est  line 


-Frequency  spectra  with  5/16"  gap  on  positive  and  negative  conductor 
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Fig.  45-Lateral  attenuation  from  800  kV  DC  line  -0. 154-25  MHz  with  gap  at  tower 


Fig.  48-Comparison  of  800  kV  DC  line  with  343  kV  AC  line  in  fair  weather  at  50  ft 
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.  ,9. 50-525  kV  line  60  Hi  and  harmonics  at  200  ft  from  outside  phase 


Odd  Harmonics 
Even  Harmonics 


Hz  and  harmonics  at  200  ft  from  outside  phase 


g.  52  -  800  kV  DC  line  60  cycles  and  harmonics  between  the  positive  and  negative  conductors 


»3*  U 

pjay  3|jpaj3  uJ/Art  I  a«qv  sujj  gp 

80 


|g.  53 -Audio  frequency  receiver  residual  with  different  engine  power  supplies 


)  200  400  600  1000  2000  4000  6000  10,000 
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attenuation  of  60  Hz  and  harmonics  for  525  kV  line 
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Prediction  curves  for  conductor  corona  radio  noise  525,  735  and  800  kV  lines 


Fig.  58-  Lateral  attenuation  in  the  30-1000  MHz  range  for  vertical  polarization 


Receiver  Ant  HI  =  20. 5  ft 


Fig.  59-Lateral  attenuation  in  the  1-10  GHz  range  for  vertical  polarization 


Fig.  60-  Measured  radio  noise  in  the  1*10  Ghz  range 
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Predicted  radio  noise  form  gap  source  on  fence  near  765  kV  line 


.ifwwK 


AmVDU  I 

MgAsuKRggr  ncmtms 


WESTZHGHOOSB  ELECTRIC  CORPORATION 
ELECTRIC  UTILITY  HEADQUARTERS  DEPARTMENT 
RESEARCH  AND  DEVELOPMENT  CENTER 
PITTSBURGH,  PENNSYLVANIA 


ROME  AIR  DEVELOPMENT  CENTER 
(RADC) 

GRIFFISS  AIR  FORCE  BASS 
ROME,  NEW  YORK  13A42 


CONTRACT  AF30602-67-C-0171 


91 


Conors 

M3BBB-J 


1.  xmoDocrxoR 

2.  IMKBMBBS  AID  ASTHMAS 

2.1  Instruments 

2.2  Antsnns* 

3.  MASURDDHT  PROCEDURE 

4.  THE  RADIO  ROISX  METER /X-Y  RSCOtDEU  CGKBIHATlOft 

4.1  Measurements  on  EHV  LIhi  vith  Radio  Kola* 

Matar//-Y  Recorder 

5.  THE  SPECTRUM  AHALTEER 

5.1  Pulae  Spec ere 

5.2  Calibration  end  Operation  of  HP  Spectrum  Analyzer 

3.2.1  C W  Calibration  of  HP  Spectrum  Analyzer 

5.2.2  Impulae  Calibration  of  HP  Speetrum 
Analyzer 

5.2.3  Correction  of  Measurement#  from  HP  Spectrum 
Analyzer  to  dB  Pk  uV/m/MHz  Bandwidth 

5.2.4  Operation  of  the  HP  Spectrum  Analyzer 

5.3  Measurement  on  EHV  Lines  with  Spectrum  Analyzers 

5.3.1  Frequency  Spectra  from  345-kV  VCDCST-ac  Line 
with  5/16-inch  Air  Gap,  10  kHz  to  l  GHz 

5.3.2  Frequency  Spectra  from  525-kV  HC-ac  Line  with 
5/16-inch  Air  Gap,  10  kHz  to  3.5  GHz 

5.3.3  Frequency  Spectra  from  800-kV  HC-dc  Test 
Line,  SO  MHz  to  147  KHz 

5.3.4  Frequency  Spectra  from  500- kV  HC-ac  Line, 

0.27  to  1.87  MHz 

5.3.5  Frequency  Spectra  from  525-kV  HC-  •.  Line  with 
end  without  5/16-inch  Air  Gap  ,in*  De¬ 
energized,  0.3  MHz  to  2  MHz 


Ho- 

98 

99 
99 

100 

101 

101 

102 

103 

103 

103 

103 

104 

104 

104 

105 

105 

105 

106 

106 

106 


92 


cowmra 


LIST  S3  wsms 


rig*  t 

fig.  2 

rig.  a 

>4-  * 

rig.  s 

rig.  6 

rig.  7 

rig.  8 

rig.  9 


l«Axo  Boxes  Meter/X-Y  Plot  and  Spectrum 
AuIjwt  Compart soo  with  Artificial  Gap  oo 
345-W  ac  Lina,  10  -  21  IB* 

Radio  Kola*  Metcr/X-Y  Flot  and  Spectrum 
Analyser  Cof arlaon  with  Artificial  Gap  on 
345-W  ac  Lina,  20  -  42  KHz. 

Badlo  Boise  Moter/X-Y  Plot  and  Spactrum 
Antljrur  Coaparlcon  with  Artificial  Gap  oo 
345-kV  ac  Lina,  40  -  84  KHz. 

Radio  Sola*  Meter/X-Y  Plot  and  Spectrum 
Analyser  Comparison  with  Artificial  Gap  on 
345-kV  ac  Lina,  80  -  168  Hfa. 

Radio  Voiaa  Xatar/X-Y  Plot  and  Spec  true 
Analyser  Comparison  with  Artificial  Gap  on 
345-kV  ac  Una,  0.15  -  3.05  MH*. 

Radio  Hoisa  Meter/I-Y  Plot  and  Spectrue 
Analyser  Comparlaoa  with  Artificial  Gap  on 
345-kV  ac  Lina,  0.29  -  0.59  KBs. 

Radio  Noise  Mater/X-Y  Plot  and  Spec true 
Analyser  Coeparlaoc  with  Artificial  Gap  on 
345-kV  ac  Lina,  0.56  -  1.15  XHs. 

Radio  Boise  Mstar/X-Y  Plot  and  Spactrue 
Analyser  Comparison  with  Artificial  Gap  on 
345-kV  «c  Lina,  1.1  -  2.25  MHz. 

Radio  Hois*  Matar/X-Y  Plot  and  Spectrum 
Analyser  Conparison  with  Artificial  Gap  on 
545-kV  ac  Line,  2.1  -  4.3  MHz. 


Pig.  10  Radio  Hoisa  Meter/X-Y  Plot  and  Spectrum 
Analyser  Conparison  with  Artificial  Gap  on 
345-kV  ac  Lina,  4.1  -  8.4  MHz. 


Pig.  11  Radio  Boise  Meter/X-Y  Plot  end  Spectrum  Analyzer 
Conparison  with  Artificisl  Gap  on  345-kV  sc  Line, 
8.0  -  16.5  KHz. 

Pig.  12  Radio  Hoisa  Mecer/X-Y  Plot  and  Spectrue  Analyser 
Comparison  with  Artificial  Gap  on  345-kV  ac  Line, 
15.5  -  32  MHz. 


94 


Pasa  Ho. 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 


* 


list  or  nams 
AFF81PIX  I,  com'p. 


Fig.  13  Radio  Noise  Meter/X-Y  Plot  and  Snectrua  Analyzer 
Comparison  with  Artificial  Gap  on  345-kV  as  Lina, 
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525-kV  ac  Line  with  Artificial  Gap,  4.1  -  8.4  MHz. 

Fig.  23  Radio  Noise  Meter/X-Y  Plot  and  Spectrum  Analyzer 
Comparison  50  feet  from  525-tcV  ac  Line,  1.1  - 
2.25  MHz. 

Fig.  24  Radio  Noise  Meter/X-Y  Plot  and  Spectrum  Analyzer 
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Fig.  25*  Typical  Theoretical  Spectra  of  He pasted  Rectangular 

False. 

134 

Fig.  25b 

Typical  Spec true  Analyser  Display  of  Repeated  Rec¬ 
tangular  Pules. 
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Fig.  26 

CW  Response  of  H.P.  851A/8551A  Spec  truss  Analyzer 
for  Frequencies  and  Control  Setting*  Tabulated  - 

Sweep  Rat*. 
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Fig.  27 

345-kV  a-.  Frequency  Spectra  108  feet  froa  Bottom  Can- 
doctor  with  Artificial  Gap  on  and  Rain  at  Sane  Tine 
(10  kHz  to  2  MHx);  at  Tower. 
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Fig.  28 

345-W  ac  Frequency  Spectra  UR  feet  froa  Bottaa  Con¬ 
ductor  with  Artificial  Gap  on  and  Sain  at  Sane  Tine 
(2  MBs  to  34  MHs);  at  Tower. 
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Fig.  29 

345-kV  ac  Fraquency  Spectra  108  feet  froa  Bottoa  Con¬ 
ductor  with  Artificial  Gap  on  and  Rain  at  Sane  Tice 
(54  MBs  to  1  GHx) ;  at  Towet. 
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Fig.  30 

345-kV  ac  Frequency  Spectra  (0.3  to  9.6  MHz)  with 
Artificial  Gap  (accoapaaicd  by  Rain  Son  of  the 

Tloe);  at  Tower. 
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Fig.  31 

525-kV  ac  '  requancy  Spectra  110  feet  from  Outside 

Conductor  with  Artificial  Gap  (10  kHz  to  2.25  MHz); 
at  Tower. 
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Fig.  32 

525-kV  ac  Frequaney  Spectra  110  feet  froa  Outside 

Conductor  with  Artificial  Gap  (2.1  to  80  MHz); 
at  Tower. 
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Fig.  33 

525-kV  ac  Frequency  Spectra  110  feet  froa  Outside 

Conductor  with  Artificial  Gap  (100  MHz  to  3.5  GHz); 
at  Towar. 
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Fig.  34 

800-kV  dc  Frequency  Spectra  (80  to  147  MHz)  69  feat  from 
+  conductor;  at  Tower,  in  Rain  and  Fair  Weather. 
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Fig.  33 

800-kV  dc  Frequency  Spectra  (80  to  147  MHz)  69  feet 
froa  +  Conductor;  at  Tower  in  Rain  and  Fair  Weather. 
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Fig.  36 

500-kV  ac  Frequency  Spectra  (0.27  to  1.87  MHz)  in 

Fair  Weather  and  Heavy  Rain  at  Tower. 
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Fig.  37 

525-kV  ac  Frequency  Spectre  (0.3  to  2  MHz)  with 
and  without  Artificial  Gap  and  De-energized;  at 

Tower. 
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Fig.  38 

800-kV  dc  Frequency  Spectra  (0.3  to  1.96  MHz)  in 

Fair  Weather  and  Rain;  at  Tower. 
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Fig.  39 

Frequency  Spectra  59  feet  from  Outeide  Phase  of 

Line  "C"  at  Mid-span,  Apple  Grove  765-kV  ac  Teat 

Line. 
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Fig.  40 

Harmonic  Spectra  with  Radio  Noise  Meter  and  Spectrum 
Analyzer  400  feet  from  500-kV  ac  Line. 
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In  th*  previous  contract  on  High  Voltage  Power  Line  Siting  Criteria 
(KADC -TR-66-606  March  1967)  manual  Tieasureaents  of  radio  noise  were  made  at 
dioerata  frequencies.  This  technique  has  deficiencies  in  that  it  is  very 
tisn  consuming  to  measure  the  variations  of  radio  noise  throughout  certain 
frequency  ranges  and  short  duration  changes  in  radio  noise  level  cannot  be 
observed  aisnltanaonsly  over  a  wide  frequency  range. 


This  present  contract  requires  radio  noise  measurements  on  power 
Uses  from  60  b  to  10  CHr.  In  order  to  reduce  tine  and  improve  the  quality 
of  ■aaaarananta,  spec t run  analyzers  and  X-Y  recording  techniques  with  radio 
aolac  cm  tars  aara  investigated  for  the  measurement  of  power  line  radio  noise. 
Comparisons  aara  made  with  the  usual  aanual  readings  taken  at  the  same  time 
from  radio  nolaa  attars  and  these  were  used  es  the  standard  measurement. 
Conductor  corona  in  the  rain  and  fair  weather  end  gap  type  sources  were 
■assured  In  addition  laboratory  iseasurements  of  corona,  gap  sources  and 
paisa  ga aara tors  wars  performed  with  the  spectrum  analyzer.  Measurements 
wars  correlated  between  tha  epaetrua  analyzer  and  X-Y  recorder/radio  noise 
meter  Method a  over  tha  frequency  range  10  kHz  to  1  GHz.  Some  measurements 
vara  triad  frees  1  GHz  to  10  GHz  with  the  spectrum  analyzer  and  TWT  pre¬ 
amplifiers  but  due  to  overload  problems  these  were  not  considered  reliable. 
Power  line  harmonics  ware  recorded  with  one  spectrum  analyzer  unit  in  the 
range  of  60  Hz  to  650  Hz.  Straightforward  use  of  an  X-Y  recorder  with  a  radio 
nolaa  meter  ie  a  step  forward  over  manual  readings  from  a  speed  of  measure- 
Mnt  and  resolution  viewpoint.  Lina  transients,  lighting,  etc.,  are  not 
too  troublesome  since  an  X-Y  plot  of  any  particular  frequency  band  un  be 
quickly  repeated.  Only  quasi-peak  readings  could  be  taken  but  these  are 
easily  corrected  to  peak.  Susceptibility  to  overload  and  spurious  respon¬ 
ses  can  be  a  drawback  to  tha  uaa  of  spectrum  analyzers  if  they  have  wide 
open  inputs,  also  drift  on  tha  frequency  axis  can  be  encountered  and  pic¬ 
ture  taking  of  low  noise  values  in  the  presence  of  high  CM  signals  requires 
approximation.  The  uaa  of  a  tuned  input  is  desirable;  however,  with  elec¬ 
tronic  tuning  spurious  response  may  still  be  a  problem.  Therefore,  it  is 
suggested  that  passive  band-pass  filters  be  used,  each  filter  for  at  least 
one  octave  pass-band.  Repeated  checking  of  the  frequency  axis  with  a  signal 
generator  overcomes  the  drift  problems.  In  the  case  of  the  analyzer  used 
for  measuring  power  line  harmonics  overload  from  the  high  intensity  60  Hz 
field  has  to  be  avoided. 


Very  good  agreement  waa  found  between  the  semi-automatic  and 
manual  methods  of  measurement.  Data  can,  for  instance,  be  recorded  quickly 
by  the  spectrum  analyzer  over  a  wide  frequency  range  compared  to  many  hours 
that  would  be  required  for  manual  measurement .  Better  resolution  and  more 
accurate  information  can  be  obtained  especially  when  short  duration  weather 
changes  occur  which  change  the  radio  noise  level. 
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2.  INSTRUMENTS  AND  ANTENNAS 


2.1  Instruments 

New  instrumentation  (compared  to  RADC  TR-66-606  March  1967)  con- 
sists  of  spectrum  analyzers  and  the  use  of  an  X-Y  recorder  with  the  radio 
noise  meters.  In  most  cases  the  radio  noise  meters  cover  the  same  fre¬ 
quency  range  as  the  spectrum  analyzers.  The  instruments  used  are  listed 


below. 

Frequency  Range 

Name 

Manufacturer 

60  -  15,000  Hz 
(60  Hz  to  1  MHz  capa¬ 
bility) 

Spectrum  Analyzer  Plug  in 
Unit  1  L5  with  storage 
oscilloscope  549 

Tektronix 

60  -  15,000  Hz 

NM40  Field  Intensity 

Meter 

Stoddart  Eltv  :ro 
Systems 

10  kHz  -  250  kHz 

NM12T  Field  Intensity 

Meter 

Stoddart  Electro 

Sys  terns 

150  kHz  -  25  MHz 

NM20B  Field  Intensity 

Meter 

Stoddart  Electro 
Systems 

150  kHz  -  32  MHz 

NM22A  Field  Intensity 

Meter 

Stoddart  Electro 
Systems 

20  MHz  -  400  MHz 

NM30A  Field  Intensity 

Meter 

Stoddart  Electro 
Systems 

375  MHz  -  1000  MHz 

NM52A  Field  Intensity 

Meter 

Stoddart  Electro 
Systems 

10  kHz  -  1000  MHz 

X-Y  Recorder 

Moseley 

10  MHz  -  10  GHz 
(Capability  to  40  GHz) 

Spectrum  Analyzer 

851A/8551A 

Hewlett  Pacltard 

10  kHz  -  10  MHz 

Up-Converter  K15-8551B 

Hewlett-Packard 

10  kHz  -  100  MHz 
(1  kHz  to  150  Hz 
capability) 

Broadband  Pre-Amplifier 

461A 

Hewlett-Packard 

30  MHz  -  300  MHz 

AP-501R  Low  Noise  Tunable 
Pre-Amplifier 

E 1  ec  t  r  o~7.  n  ter  national 
Inc , 

300  MHz  to  1000  MHz 

AP-502R  l.ow  Noise 
Pre-Amplifier 

Electro-International 
Inc . 
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W  it*  »  1900  Ms 

Spec  trots  Analyzer  con* 
listing  of  interference 
easiyzsrs,  models  &WC23 
and  EKC10  end  Display 
Module  5P9-125 

l  S®s  -  2  SEs 

Travelling  Wave  fyh* 
Pr«»A®plifior  HJ263 

2  G&s  -  4  GHz 

TreveXling  Wave  Tub* 
Fr«*Aispli£l*r  WJ269 

4  (St  <•  $ 

Travelling  Vav<*  Tub*  Pre 
Amplifier  WJ271 

8  SHs  -  12  Gfe- 

Travellisg  Wave  Tube 

Fro- Amplifier  WJ276 

95  kHs  -  40  MHz 

Signal  Generate? 

Model  22D 

2  M2z  -  400  MHz 

Signal  Generator 

Model  80 

300  MHz  -  1  GHz 

Signal  Generator 

Model  34  TV 

10  kHz  -  1  GHz 

13  -  115  Impulse 
Generator 

2.2  Antennas 

rhe  antennae 

used  were  «a  follows: 

Frequency  Ran^s 

Mama 

60  Hz  -  15.000  Hz 

Electric  Probe 

10  kHz  -  250  kHz 

2  Enter  Vertical  kod 
{with  Antsnn*  Coupler 
for  HMi2T) 

150  kHz  -  32  KHz 

l  Meter  Vertical  Rad 
(vitw  Antensta  Coupler 
for  M422A) 

20  MHz  -  88  mz 

Dipole  Tuned  to  60  MHz 

Tsirehild  Elec tre¬ 
es*  trie*  Corp. 

Watkins-Johnson  Co. 

Watkins -Johnson  Co. 

Watkina-Johnaon  Co. 

Wstkina-Johpaon  Co. 

Perris 

Measurement  Corp. 
Measurement  Corp. 

Empire  Devices  Inc. 


Manufacturer 


Stoddart  Electro 
Systems 

Stodd  it  Electro 
Sys  terns 

Stoddart  Electro 
Systems 

Stoddart  Electro 
System* 
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JX£SHt5S3LSam 
H  x&s  -  350  mz 


375  MEz  -  1000  IS: 


BCA-902  Bi-Coeie*! 


BC4-901  Bi-Triangle 


Electro  .ntemaf  tonal 
Inc. 

Electro  Interostleoal 
Inc. 


I  GHz  -  2  GHz 


2  GHz  -  4  GHz 


4  GHz  -  7  GHz 


7  GHz  -  10  GHz 


Microwave  Horn  Antenna 
"L"  Sand 

Microwave  Horn  Antenna 
"S"  Band 

Microwave  Parabolic 
An  tana*  *Vt"  Band 

Microwave  Parabolic 
Antenna  "XK  Band 


Polarad 


?olar«d 


Polarad 


Polarad 


The  following  is  a  brief  description  of  the  general  measurement 
procedure.  Details,  calibrations  etc.  will  be  found  under  other  headings 
in  this  appendix. 

To  check  the  accuracy  of  the  automatic  Instruments,  manual  a:a- 
aureaents  with  the  BK20C  war*  compared  with  the  X-Y  recorder  plots  from  the 
NM22A  and  the  spectrum  analyzer  pictures  from  the  Hewlett  Packard  spectrum 
analyzer.  There  was  good  sgreeaent  in  all  these  data.  Starting  with  the 
NH12T  on  band  (l)  an  X-Y  record  would  be  run  of  line  noise  together  with 
meter  ambient  and  calibration  curves.  Then  the  antenna  system  would  be 
switched  to  the  spectrum  analyzer  (HP  851A/8551A)  operating  with  its  up 
converter  (K15-8551B)  and  a  picture  taken  of  the.  CRT  display  of  line  noise. 
The  analyser  would  be  arranged  to  be  as  near  as  possible  the  same  bandwidth 
and  frequency  range  as  the  NH12T  on  band  (1).  Ail  control  settings  of  the 
analyzer  were  recorded  and  the  frequency  axis  and  sine  wave  response  cheth*d. 
Checks  were  continually  made  for  analyzer  overload  and  spurious  responses 
and  records  made  identifying  the  X-Y  record  with  the  spectrum  analyzer  pic¬ 
ture.  This  procedure  was  followed  from  10  kHz  to  1  GHz  except  that  the  up 
converter  was  not  used  beyond  10  MEz.  X-Y  records  war*  made  to  1  GHz. 

Above  i  GRz  some  spectrum  analyzer  pictures  ware  taken  for  comparison 
with  the  manual  results  from  the  Polarad  microwave  receivers  but  they  were 
not  considered  reliable  due  to  overloading  of  the  specirua  analyzer. 


It  is  a  simple  matter  to  speed  up  the  usual  manual  readings  taken 
with  the  Stoddart  radio  noise  meters  by  the  addition  of  an  X-Y  recorder. 
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fmetoi  for  *tch  frequency  baad  la  to  SP'ut*  that  the  recorded  vertical 
«3&0  is  linear  is  d#cib«ls  *ed  run  ester  calibration  and  ambient  curves  with 
Sfe*  fr«q»*»s?  sxie  spread  the  width  of  the  recorder  paper.  It  is  beet  to  use 
the  tmifst  calls  ratios  value  for  the  low  frequency  end  of  each  band  throughout 
fcfeet  hand  *o  that  for  aay  particular  frequency  the  calibre tion  is  known  and 
rec<*£'#®4  and  corrections  can  he  reads  if  necessary.  The  staters  with  y-Y  re¬ 
corder  output  esnsectiesg  have  quite  constant  gain-frequency  characteristics. 
Hith  mam  1  tuning  about  oss  sinuts  is  required  to  obtain  an  accurate  record¬ 
ing  of  noise.  Fester  recording  can  result  in  lost  information,  such  as  not 
obtaining  the  actual  aexiauta  values.  Listening  with  headphones  enables 
radio  stations  etc.  to  be  identified  and  marked  on  the  recorder  paper.  Only 
fi^'1  intensity  end  quasi-peak  values  of  noise  can  be  plotted  readily  but 
values  my  be  marked  on  the  paper  at  desired  frequencies  by  stopping 
tbs  run  and  measuring  the  peak  value  aanual'y.  Care  may  be  necessary  to 
prevent  inaccuracies  due  to  physical  contact  vith  th*  in-s truaenta tion . 


Radio 


fctsr/X-Y  Recorder 


The  spectra  recorded  from  li  kHz  to  1  GHz,  50  feet  fro®  a  345-kV 
•c  line  with  artifi-ial  gap  are  shown  in  Figs,  1  to  20,  They  are  further 
illustrated  in  Fig  21  but  this  ti -  corrected  to  dB  peak  above  1  ijV/m/MLz 
bandwidth.  The  low  frequencies  10  kHz  to  2  KHz  were  recorded  in  heavy  to 
light  rein  while  the  remaining  spectra  ware  taken  when  the  rain  had  ended. 
Figures  9,  10,  and  11  show  clearly  a  dominant  feature  of  these  spectra  of 
quite  sharp  peaks  evenly  spaced  at  approximately  378  kHz  intervals.  This 
apparent  resonant  frequency  gives  a  half  wavelength  of  1300  feet  which 
may  be  due  to  the  distance  between  towers  (about  600  feat).  Details  such  as 
this  resonance  are  easily  spotted  using  X-Y  recorder  techniques  but  are 
harder  to  notice  taking  manual  readings.  Figure  22  shows  a  very  similar 
resonance  recorded  at  different  distances  laterally  from  a  525-kV  ac  line 
with  artificial  gap.  The  frequancy  is  417  kRz  and  half  wavelength,  1175 
foefc.  The  distance  between  towers  being  1462  feat.  This  is  a  good  example 
of  the  complex  spectra  encountered.  The  attenuation  with  distance  (d)  from 
Fig.  22  can  be  seen  to  be  on  an  average  proportional  to  1/d,  l.e.  from  200 
fast  to  400  feet  the  average  level  of  the  spectrum  falls  by  6  dB. 


In  wig.  23,  ap'Ctra  1  to  2,25  MHz  from  a  525-kV  ac  line  some  peak 
readings  are  marked.  These  are  4  to  5  dB  higher  than  the  quasi-peak  values 
of  noise  and  about  1  dB  higher  for  the  AM  station  measurements.  These  peak 
to  quaei-peak  differences  are  typical  of  those  over  a  wide  frequency  range. 
Figure  24  was  recorded  nsar  an  600-kV,  dc  test  line  and  the  peak  values 
shown  are  about  12  dB  higher  than  the  quasi-peak,  which  could  be  due  to 
a  lowar  pulse  repetition  rate  from  the  corona  compared  to  ac  corona.  The 
higher  the  pulse  repetition  rata  the  closer  the  quasi -peak  value  approaches 
ths  pssk.  Also  on  F if,.  24  a  resonance  may  be  observed  of  approximately  an 
interval  of  39  kHz  and  a  full  wavelength  of  4.78  ailee  which  agrees  well 
with  ths  actual  length  of  the  test  line  of  4.9  miles. 

All  the  f . jures  mentioned  also  have  superimposed  upon  them  a  spec¬ 
trum  analyser  picture  taken  at  the  same  time  as  the  X-Y  plot.  These  pictures 
«i.i  comparisons  are  discussed  later. 


5.  iff  sfCTffit  *mjm 

5.1  ful*T  Spectra 


.  Fou  jT  analysis  of  a  periodic  rectangular  pula*  yields  t  spectrum 
of  ' — * —  where  x  *  T/Tr  aad  T  “  the  pulse  width  and  Tr  the  pula*  repetition 
rate,  aea  Fig.  25a.  The  firat  zero  in  the  frequency  spectrum  occur*  at  a  f — 
quancy  f  *  i  e.g.  a  ljuaec  wide  pulae  will  exhibit  a  first  aero  at  1  MHz; 
the  harmonic*  would  be  at  intervala  of  f r  *  ,  e.g.  a  pulac  repeated  60  tinea 

a  second  would  have  a  spectrum  with  60  Hz  between  the  harmonica.  In  Fig.  25b 
it  is  seen  that  the  spectral  lines  reach  below  as  well  as  above  the  baseline 
which  corresponds  to  the  harmonics  in  the  pulse  being  180*  out  of  phase  with 
the  fundamental.  The  spectrum  analyzer  can  detect  amplitude  only  and  not 
phase  therefore  all  the  spectral  lines  will  be  displayed  above  the  baseline 
as  in  Fig.  25b.  If  we  amplitude  modulate  an  RF  carrier  with  a  pulse  waveform 
we  get  essentially  the  aase  iASJI x  spectrum. 


When  considering  spark  gaps  on  power  lines  generating  exponential 
pulses  with  two  time  constants  ona  must  bear  in  mind  that  these  gap*  fire 
several  times  each  half  cycla  of  tha  ac  voltage.  Thus  we  have  the  situation 
of  bursts  of  pulses  at  a  repatition  rata  of  120  pulses  per  second  for  single 
phase.  However,  it  is  likely  that  one  pulse  out  of  eech  burst  has  a  larger 
magnitude  than  the  raat  and  the  spectrum  measured  la  from  the  largest  re* 
peated  pulse  although  in  the  GHz  region  some  of  the  smaller  pulses  may 
dxainate  if  they  have  smaller  widths  than  tha  Urge  pulse. 


Laboratory  aeaauramenti  were  made  prior  to  field  measurements  to 
become  familiar  with  tha  operation  of  tha  spectrum  analyzer  and  confirm  the 
theoretical  spectra  from  pulses.  A  ractangular  pulse  will  give  a  spectrum 
falling  off  at  6  dB  per  octave  with  increasing  frequency  while  a  triangular 
pulae  would  fall  12  dB  per  octave.  This  waa  confirmed  In  the  measurements. 


5.2  Calibration  and  Operation  of  HP  Spectrum  Analyzer 

In  order  to  convert  the  radio  noise  measurements  to  dB  Pk  above 
1  ^iV/tn/MHz  bandwidth,  both  CW  and  impulse  calibrations  of  the  spectrum 
analyser  were  required. 

5.2.1  CM  Calibration  of  HP  Spectrum  Analyzer 

With  tha  frequencies  and  spectrum  analyzer  control  settings  used, 
a  convenient  CW  input  level  to  read  on  the  CRT  display  was  50  juVrms  (37  dB  Pk)  . 
This  level  was  used  for  calibrations  from  10  kHz  to  1  GHz  and  up  to  25  MHz  a 
calibrated  thermocouple  and  microaaraeter  was  used  for  measuring  the  signal 
generator  output.  At  higher  frequencies  an  RF  voltmeter  was  employed.  In 
this  way  calibration  of  the  spectrum  analyzer  in  dB  Pk^jVCW  was  achieved, 
e.g.  measuring  from  the  CRT  baseline;  if  a  37  dB  Pk /iV  CW  signal  reads 
40  dB,  then  3  dB  would  be  subtracted  from  the  reading;  etc. 
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Sweep  rat*  is  SB  important  consideration  for  calibration  purposes. 
If  tk  local  oscillator  mops  through  at  a  high  rata  tha  17  amplifier  will 
use  haws  tiao  to  roach  its  foil  amplitude  bcfor*  tha  input  is  gone;  a.g.  a 
dbtOBS  0*0*7  rat*  fraa  3  worn  par  cm  to  30  aooe  par  cm  can  result  In  a 
chmag*  la  displayed  signal  of  10  dB.  Sea  Fig.  26. 

$.2.2  Impuli*  Cctihratlos  of  g?  Analyzer 

Iwpulsa  bandwidth  could  not  be  measured  using  conventional  impulse 
calibrators  bacauao  of  analyser  froat  tad  overload.  Filters  tried  In  front 
of  tha  enclysar  would  not  prevent  overload.  Hewlett-Packard  suggested  pro¬ 
ducing  an  impale*  slgaal  of  accurately  known  spectral  intensity  by  using  s 
Of  signal  generator  and  a  PIE  Modulator  (HP  ssriac  6730)  built  into  on 
HF  8403  Modulator .  With  this  apparatus,  J.  Sc barer  of  KADC  measured  the 
following  impulse  bandwidth*  for  a  HP  855 1A  apactrum  analyzer: 


3  dB  Bandwidth  Iwoula*  bandwidth 


3  kHz 
1C  kHz 
100  kHz 
1  MHz 


6.7  kHz 
19.66  kHz 
166.34  kHz 

1.59  MHz  (Extrapolated) 


The  MHz  bandwidth  correction  is  easily  obtained  from  the  above 
values  a.g.  for  6.7  kHz  Impulaa  bandwidth  the  correction  Is  43.5  dB. 


5.2.3  Correction  of  Measurements  from  HP  Spectrua  Analyzer  to 
dB  Fk  liV /m/HBz  Bandwidth  _ _ 

The  correction  of  tha  radio  nolae  values  displayed  on  the  spectrua 
analyser  to  dB  Fk jjV/m/Hlz  bandwidth  is  sssily  carried  out  once  the  CV  and 
laqwisc  calibration  ere  known.  First,  a  correction  Is  found  from  Fig.  26  for 
CH  response  at  the  frequency  control  settings,  and  sweep  rate  used.  Then 
the  isipuise  bandwidth  correction  is  added  tnd  lastly  the  antenna  correction 
facto;.  If  additional  broadband  pre-amplifiers  are  used,  then  their  gain 
whan  used  in  conjunction  with  the  spectrum  a.talyzer  would  be  subtracted. 


5.2.4  Operation  of  tha  HP  Spectrum  Analyzer 

In  order  to  avoid  damage  to  the  input  attenuator  of  the  spectrum 
analyzer  converter  unit,  care  was  taken  to  measure  the  nas  value  of  input 
voltage  with  a  sensitive  SF  voltmeter.  The  input  power  across  the  50  ohm 
input  wist  be  kept  below  1/4  watt.  The  attenuator  and  gain  controls  on  the 
converter  end  analyzer  were  ad/us  ted  so  that  a  10  dB  change  In  converter 
attenuator  setting,  for  example,  would  give  c  10  d3  change  in  displayed  spec¬ 
trum.  This  ensured  the  input  amplifier  was  not  overdriven.  Frequency  ac¬ 
curacy  was  checked  by  feeding  in  e  signal  from  a  standard  signal  generator. 
Adjustment  of  the  converter  and  analyser  tuning  controls  was  required  until 
an  accuracy  of  about  Tk  to  4%  was  achieved  up  to  a  frequency  of  100  MHz,  with 
the  VI?  oscillator  in  the  converter  set  at  184  MHz.  Measurements  were  made 
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Figures  31  to  33  cover  twenty  pictures  taken  30  feet  laterally  from 
the  outside  conductor  of  the  above  line.  Host  of  the  bands  measured  are  of 
a  similar  frequency  range  of  those  from  the  345-kV  line.  Pictures  289,  294 
and  299B  on  Fig.  22  show  the  417  kHz  resonance  noticed  in  the  X-Y  records. 
Picture  269,  Fig.  32  shows  some  large  spikes  at  2.3  MHz  intervals  whlcn 
gives  a  half  wavelength  of  214  feet  which  may  be  a  function  of  the  tower  and 
guy  configuration.  These  spikes  appeared  on  X-Y  records  as  well.  Pictures 
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HO  aa A  SHt  Fig*  33  cover  tfeo  frequency  ni^i  2.5  to  3.5  GB»  end  v«rc  takan 
Mill  (290)  and  without  (281)  the  appropriate  TWT  pre-amplifier.  Only  about 
10  dB  flftla  raaoitad  with  tin  p?*-actpHfiar  used  ir«*-«d  of  24  dB,  tha  capa¬ 
bility  of  tha  amplifier. 

5.3.3  Fraqweaev  Spectra  f row  800~kV  K-dc  Xaat 

k*^-i,  99  m  .te  1*7  EBg _ _ 

Figuraa  34  aad  35  Illustrate  35  pictures  taken  50  faet  laterally 
from  tb*  positive  conductor  at  tovar  of  tha  above  line  during  intermittent 
rain.  The  first  picture  la  with  no  input  to  the  analyser  and  just  displays 
tbs  latemal  noise.  Subsequent  pictures  of  line  or  insulator  noise  were 
taken  at  five  minute  intervale.  Ibis  interesting  sequence  of  pictures  in¬ 
dicates  generally  very  low  noise  values  during  periods  of  rain;  increasing 
in  value  after  the  rein  has  stopped,  especially  whan  sunny  and  v  i.ndy;  then 
reducing  to  stro  value.  At  theae  high  frequencies  this  noise  is  thought  to 
ba  fron  the  tine  insulators  (glees)  oa  the  tower  drying  after  rein.  Lending 
weight  to  this  erguwent  is  the  possible  rssossnt  sffset  seen  in  some  pictures, 
picture  140  for  example.  Ibis  gives  a  frequency  of  6.7  MHz  and  half  wave¬ 
lengths  of  73.5  faet  which  la  very  comparable  with  the  conductor  height  at 
the  tower  of  ifO  feet.  Results  of  this  nature  would  be  Impossible  to  obtain 
manually  and  difficult  with  radio  noise  meter  X-Y  recorder  techniques.  The 
advantage  of  the  analyser  is  its  wids  spectral  coverage  on  one  picture  and 
of  ona  being  able  to  sea  the  srsetre  before  taking  the  picture.  The  antenna 
vas  covered  with  polyethylene  to  prevent  precipitation  static. 

5.3.4  Frequency  Spectra  from  500-kV  &>ec  Lint, 

0.27  to  1.87  HE z _ 

Figure  36  shows  mainly  the  spectra  50  feet  laterally  from  the  out¬ 
side  phase  ''f  the  above  line  in  fair  weather  and  heavy  rain;  clearly  indi¬ 
cating  about  a  24  dB  increase  in  corona  noise  level  in  the  rain. 

5.3.5  Frequency  Spectra  from  525-kV  HC-ac  Line  with 

and  without  5/16-inch  Air  Gap  and  Line  De¬ 
energized,  0.3  MHz  to  2  MHz _ 

Figure  37  illustrates  the  above  spectra  taken  50  feet  laterally  from 
the  outside  conductor.  He  increase  in  noise  level  is  noticed  with  the  air  gap 
on  the  line.  This  indicates  that  the  fair  weather  corona  noise  from  this  line 
is  equal  to,  or  greater  than,  the  gap  noise  in  this  frequency  range.  This 
vas  confirmed  by  manual  measurements. 

5.3.6  Frequency  Spectra  800-kV  HC-dc  Test  Line  in 

Fair  Weather  and  Rain,  0.3  to  1.96  MHz _ 

Figure  38  shows  some  interesting  spectra.  The  noise  from  fair  weather 
corona  is  higher  than  that  in  the  rain  which  is  characteristic  of  de  lines  and 
differs  nfc  from  ac  lines.  In  fair  weather  at  these  frequencies  the  peak  readings 
are  about  12  dB  higher  than  quasi-peak  while  in  rain  the  difference  is  usually 
about  5  dB  (observed  from  manual  readings).  Thus  in  rain  it  i3  likely  that 
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May  corona  pulses  of  lew  aeplltoda  exist  vhile  in  feir  weather  fewer  polite* 
of  higher  amplitude  is  the  case. 


Sear  EHV  dc  lines  precipitation  static  can  be  a  problem.  ta  indrop* 
passing  near  the  energized  conductor  acquire  a  charge  and  discharge  upon  hit* 
ting  the  antenna.  Tois  is  not  observed  near  ac  lines.  To  prevent  raindrops 
hitting  the  antenna,  the  antenna  waa  covered  with  about  a  4-inch  disaster 
polyethylene  tube.  In  Fig.  38  the  spec  true  due  to  precipitation  static  can 
be  clearly  seen  but  also  the  corona  noise  level  shot/*  up  well  on  the  saw s 
picture.  This  le  another  virtue  of  the  spectrum  analyzer  uee  where  pulses 
of  different  repetition  rates  and  different  amplitudes  may  be  displayed  to¬ 
gether. 

Similar  to  the  X-Y  records  the  full  wave  resonant  frequency 
(approximately  39  kHz)  of  this  4.9  mile  long  dc  teet  line  is  seen.  If 
the  noise  level  for  a  long  dc  transmission  line  is  to  be  derived  from  this 
short  test  line  it  is  likely  that  the  geometric  mean  of  the  resonant  peaks 
should  be  taken;  similar  tc  the  case  cf  the  765-kV  ec  Apple  Grove1  test 
line. 

5.3.7  Frequency  Spectra  from  765-kV  HCST-ac 
Test  Line _ 


The  spectra  from  the  above  lina  is  shown  in  Fig.  39,  clearly  in¬ 
dicating  the  full  wave  resonant  frequency  (approximately  400  kHz)  of  this 
short  test  line.  A  multiple  of  this  "natural"  frequency  is  observed  at 
1.83  MHz.  These  peak  values  agree  well  witn  manual  quasi-peak  radio  noise 
meter  readings  taken  in  the  past1  except  for  the  absence  of  a  sharp  spike 
at  the  resonance  frequency. 

An  opportunity  arose  to  record  a  portion  of  the  same  spectra  mea¬ 
sured  with  the  Hewlett  Packard  spectrum  analyzer  with  a  Fairchild  spectrum 
analyzer.  Similar  b&ndvidths,  sweep  rate  etc.  were  used  and  the  same  antenna 
system.  A  tracing  of.  the  Fairchild  spectrum  analyzer  picture  is  displayed 
on  Fig.  39.  The  picture  is  small  but  details  are  sharp  and  clear.  The 
spectra  seen  on  both  analyzers  are  quite  similar  from  a  shape  and  signal  to 
noise  viewpoint.  The  Fairchild  instrument  consists  of  interference  Analyzer 
Model  EMC25  and  spectrum  display  Module,  Model  SPD125.  It  covers  the  fre¬ 
quency  band  14  kHz  to  1000  MHz;  can  be  used  manually  as  a  battery  operated 
radio  noise  meter  or  combined  with  an  X-Y  recorder  to  read  peak  values  or 
used  as  a  spectrum  analyzer  with  built-in  pre-selection  over  15  octave  fre¬ 
quency  ranges.  It  has  features  such  as  a  remote  control  of  antenna  coupler 
bands  and  "bright  up"  and  expansion  of  any  region  of  displeyed  spectra  which 
may  be  of  specitic  interest.  It  was  not  possible  to  get  a  detailed  evalua¬ 
tion  of  this  instrument. 

5.3.8  Harmonic  Measurement  near  500-kV  HCST-ac  Line 


A  few  harmonic  measurements  were  made  with  the  Tektronix  p.lug-in 
sp'“trum  analyzer  unit  1L5  in  conjunction  with  a  Tektronix  549  storage  o e- 
ci  oscope.  The  site  «<t  which  readings  were  made  was  400  feet  from  the 
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4ni  Uat.  ZalttoUj  •  ItaNnt  WAG 1  radio  aaln  meter  with  electric  proha 
m*  «H  te  awww  the  keanoads  nloi  m«  ea  71*.  40.  hi*h  readings  lor 
tto  «RM  huandci  we  observed  cai  these  are  dieeeaaed  la  Sac.  5.8  of  the 
Mia  a^ett.  Beat,  the  Metres!*  speetrua  aaelysar  waa  uaed  with  the  elec¬ 
tric  preha.  Nlfmat  esseitlwitlaa  war*  used,  m  71*.  40,  sad  It  la  sees, 
that  with  high  MMl*ivlty  0.01  Y/ea,  false  readings  occur  (compere  with 
MM!  waHep)  fas  to  the  high  vales  40  Mi  field  overload  log  the  analyzer. 
With  lower  sensitivity  0.05  7/es  the  spectres  enelyaer  display  la  similar  to 
the  MUM  rsedlfs,  bet  then  toss  harmonica  barely  show  above  the  Internal 
arts*  level  of  gfec  lastrssast.  The  difference  between  the  60  Ha  end  120  Hr 
aaesatosset  Is  sees  is  the  picture  with  0.2  V/ce  sensitivity,  Tig.  40.  This 
apse  tree  easlysor  eolt  wold  be  Ideal  for  harmonic  measurement  if  the  60  Ha 
field  is  redeeed  or  filtered  out. 

5.5.9  ladlo  Station  Siena)  to  Lins  WoUe  Mtloa 


Peak  radio  station  signal  to  line  noise  ratloa  compare  veil,  i.e. 

Tig.  25  la  tbs  1  to  2  KBs  region  near  a  525 -kV  ac  line  using  both  radio 
noise  eater  X-Y  plots  and  tbs  Hewlett-Packard  spactrue  analyser;  s/N  ratios 
of  15  to  20  dB  result;  with  the  radio  noise  eater  measuring  a  few  da  less 
than  the  analyser  which  la  to  be  expected  free  an  lepolse  bandwidth  considera¬ 
tion  i.e.,  Stoddart  W22A,  10.24  kHs  impulse  bandwidth  and  the  Hewlett-Packard 
8551A  spectnaa  analyaor  6.7  kHs  (whan  tha  3  dB,  3  kHs  bandwidth  is  used).  In 
the  case  of  the  800-kV  dc  line,  71*.  24,  tha  radio  noise  meter  Indicates  a  s/N 
ratio  of  about  23  d3  while  tha  spactrue  analyser  gives  around  40  dB.  The  ap¬ 
parent  large  difference  being  possibly  due  to  the  few  large  pulses  per  second 
free  dc  lino  corona,  (evident  usually  in  fair  weather  but  on  this  occasion 
also  in  rain),  which  were  Measured  manually  with  tha  radio  nolae  eater  but 
not  on  the  spestrun  analyser  probably  because  of  too  rapid  picture  taking; 
about  1  second  exposure. 

6.  COMPARISON  (V  EADZ0  H0ISS  HETSR/X-T  RECORDER  AND  SPECTRUM  ANALYZER 

M-Aygiwffigss _ — _ _ _ 

The  X-Y  recorder  plots,  taken  50  feet  from  the  345-kV  VC -DC  line 
with  the  artificial  gap  on  the  lower  phase,  corrected  to  dB  Pk.  above 
1  fiV /n/KHs  bandwidth  are  shown  on  Fig.  21.  Values  are  In  the  range  ex¬ 
pected  froa  previous  esasu resents  i.e..  Fig.  71  EADC  TR  66-606  March  1967, 
aeeeureeitbts  at  200  feet.  Sinllarly  corrected  results  froa  the  Hewlett- 
Packard  spactrue  analyser  are  al=o  illustrated  in  Fig.  21.  These  are  within 
6  5o  IQ  dB  of  the  X-Y  plots  throughout  the  spectrum  measured  (0.01  MHz  to 
1  GHs)  and  in  tha  2  to  10  KHz  region  the  peaks  and  valleys  in  the  spectrum 
compare  rlosely.  Most  of  the  tine  the  spectrum  analyser  corrected  readings 
are  higher  than  \5hose  of  the  reals  noise  meter  which  nay  be  possibly  dv« 
to  an  error  in  impulse  bandwidth  (impulse  bandwidth  values  were  taken  from 
another  identical  model  spectrum  analyser)  or  the  analyzer  reading  a  higher 
peak  value  than  tha  radio  noise  meter.  Also  there  may  bo  errors  in  the 
400  MHs  to  1  GHz  region  since  the  1  MHz  bandwidth  was  used  on  the  acaiyzer 
and  this  is  not  recaroended  in  the  log  m  de  since  the  response  of  the  log 
shaping  network  is  not  fast  enough.  However,  with  such  good  agreement 


*fN  Un,  Initially  c  Stotfart  SMI  radio  mIm  rater  with  electric  probe 
Ma  wed  to  mum  the  tuaxaaois  vaisaa  mob  ea  71*.  40,  high  readings  tot 
tie  even  kummUt  w  efceorrad  cad  these  aro  disocasad  in  Ssc.  5.8  of  the 
Mia  safwt.  Best,  the  Tektrcmix  spectrum  analyser  was  seed  with  the  #L*e- 
Ult  probe.  Different  eemitlwltlea  ware  used,  tee  71*.  40,  and  It  Is  seen, 
that  vtth  high  earalcivity  0.01  V/em,  false  readings  occur  (coape re  with 
*8494  ratings)  doe  to  the  high  veloe  40  Hz  field  overloading  the  snalyzer. 
With  lower  eansltivlty  0.05  7/en  tfe*  spec true  analyser  display  is  • toiler  to 
the  WtMk  readiest,  hit  thee  teas  harmonica  barely  show  above  the  internal 
eeiee  level  or  the  lestrassst.  The  difference  between  the  60  Hs  end  120  Hz 
a ease teae at  le  eoee  is  the  picture  with  0.2  V/e*  sensitivity,  71*.  40.  This 
epee  true  analyser  salt  would  b«  ideal  for  harmonic  anasuresKnt  if  the  60  Hz 
field  le  redaced  or  filtered  out. 

5.5.9  Radl^  gjatloo  81*0*1  to  Une  Boise  Ratios 

Peek  radio  station  signal  to  11m  noise  retioe  compare  vail,  l.e. 

Pig.  23  la  the  l  to  2  MBs  region  near  a  525-kV  sc  line  using  both  radio 
noia«  mates  X-Y  plots  and  tka  Reviett-Fxckard  spectrum  analyzer;  S/N  ratios 
of  15  to  20  dB  result;  with  tha  radio  nclta  ratav  Maturing  a  few  dB  lets 
than  tha  analyser  which  la  ta  be  expoctad  froe  an  iwpulse  bandwidth  considera¬ 
tion  l.e.,  Stoddart  !*G2A,  10.24  kHz  impulse  bandwidth  and  the  Hewlett-Packard 
85514  epectnas  analyser  6.7  kBs  (when  tha  3  dB,  3  kHs  bandwidth  la  used).  In 
the  case  of  the  800-kV  dc  line.  Pig.  24,  the  radio  noise  rater  Indicates  a  S/N 
ratio  of  about  23  dB  while  the  spec true  analyser  gives  around  40  dB.  The  ap¬ 
parent  large  difference  being  possibly  due  to  the  few  large  pulses  per  second 
froe  de  linn  corona,  (evident  usually  in  fair  weather  but  on  this  occasion 
also  In  rein),  which  were  Measured  manually  with  the  radio  noise  rater  but 
not  on  the  apeotrun  analyser  probably  because  of  tcc  rapid  picture  taking; 
about  1  seem-'’  exposure. 

6.  COMPARISON  0?  RADIO  H0I8X  HEBR/X-Y  RECORDER  AND  SPECTRUM  ANALYZER 

osmuiXiM.  _ _ 

The  X-Y  recorder  plots,  taken  50  feet  from  the  345-kV  VC-DC  line 
with  tha  artificial  gap  on  tha  lover  phase,  corrected  to  dB  Pk.  above 
1  jiV/n/MHz  bandwidth  are  shown  on  Fig.  21.  Values  are  in  the  range  ex¬ 
pected  fron  previous  measurements  i.e..  Fig.  71  RADC  TR  66-606  March  1967, 
MMSurceiUuts  at  200  feet.  Similarly  corrected  results  from  the  Hewlett- 
Packard  spaetrua  analyser  are  also  illustrated  in  Fig.  21.  These  are  within 
6  *0  10  dB  of  Vha  X-Y  plots  throughout  the  spectrum  measured  (0.01  MHz  to 
l  CHs)  and  in  tha  2  to  10  KHz  region  the  peaks  and  valleys  in  the  epectrum 
compare  closely.  Most  of  the  time  the  spectrum  analyzer  corrected  readings 
are  higher  than  Shoes  of  the  radio  noise  meter  which  may  be  possibly  due 
to  an  error  in  impulse  bandwidth  (impulse  bandwidth  values  were  taken  from 
another  identical  model  spectrum  analyzer)  or  tha  analyzer  reading  a  higher 
peak  value  than  the  radio  noise  meter.  Also  there  may  bo  errors  in  the 
400  MHs  to  1  GHz  region  since  the  1  MHz  bandwidth  was  us fid  on  the  analyzer 
and  this  is  not  rec  aswended  in  the  log  m  3e  since  the  response  of  the  log 
sloping  network  is  not  fast  enough.  However,  with  such  good  agreement 


between  the  »rmttd  radio  noise  asfcsr  sad  spectra  aoaiysmr  valees  throegh- 
oct  the  spectrum  It  woe  Id  appear  that  qeeatitetive  asssoxeassts  of  re die 
noise  asp  be  mede  with  the  epectrua  luijur  as  leap  as  ca  libra  t  iocs  are 
accurately  aade,  appropriate  correetlee  factors  need  and  overload  coadltieae 
avoided. 

7.  osewsm 

7.1  Field  strength  measurements  can  be  asds  in  the  frequency  range  60  iu 
to  1  GH»  froa  high  voltage  poser  lines  with  both  the  radio  noise  aater/X-Y 
recorder  ccabinstlons  and  with  the  spectrum  analysers.  With  selective  input 
and  linear  pre-aspllficatioas  this  instrumentation  will  be  adequate  up  to 
10  CHs. 


7.2  the  Z-T  plots  give  better  resolution  in  practice  than  the  Hewlett- 
Packard  epectrua  analyser  whan  displaying  relatively  large  '-equency  ranges, 
and  aore  positive  identification  of  radio  sad  TV  stations  etc.  with  the  use 
of  headphones.  The  Hewlett-Packard  analyser  with  preselection  to  avoid  over¬ 
load  has  the  advantages  ct  displaying  simultaneously  tits  different  nagnltude 
of  different  repetition  rate  pulses;  of  synchronising  with  the  60  Hs  field 
froa  the  three-phase  power  linn  and  indicating  the  interference  value  froa 
each  phase  on  a  Single  display.  Also  the  ravealing  of  stations  or  other 
eourcea  buried  beneath  noise  end  the  recording  cf  short  duration  changes 

in  Intar ferance  level. 

7.3  The  beat  results,  whan  using  the  HP  analyzer  with  the  converter, 
start  at  about  60  kHz. 

7.4  In  tha  power  line  harmonic  region  measurements  can  be  conveniently 
sede  with  tha  Tektronix  plug-in  unit  1L5  and  etorega  oscilloscope  549.  For 
best  results,  a  Beans  of  attanuation  of  the  high  value  60  Qz  field  would  be 
required. 


7.5  Ideally,  to  obtain  quick,  accurate,  good  resolution  measurements 
of  radio  Interference  fro*  power  lines  a  combination  of  sMnual,  X-Y  plots, 
and  epectrua  analyzer  techniques  is  required.  The  spectrum  analyzer  chiefly 
for  spaed  and  resolution;  X-Y  techniques  for  resolution  and  station  identi¬ 
fication;  and  manual  radio  noise  veter  Beasureaants  for  checks  at  particular 
frequencies. 


msmm 

1.  "Apple  Grove  750-kV  Project  -  515-kV  Radio  Influence  and  Corona  Loss 
Investigations,"  E.  R.  Taylor,  V.  E.  Paktla,  and  N.  Kolclo,  IEEE 
Transactions  Paper  31  TP  65-150  presented  at  IEEE  Winter  Power 
Meeting,  January  1965. 
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Fjg.  1  -Radio  noise  meter/X-Y  pio^  and  spectrum  analyser  comparison  with  artificial  gap  on  345  kV  AC  line 
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Fig.  4  -Radio  notes  meter/X-Y  plot  and  spectrum  analyser  comparison  with  artificial  $*p  <$**  34$  t<V  AC  line 
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-Radio  noise  meter/X-Y  plot  and  spectrum  analyser  comparison  with  artificial  gap  on  345 kV  AC  line 
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Fig.  8  -Radio  noise  meter/X-Y  plot  and  spectrum  analyser  comparison  with  artificial  gap  on  345  kV  AC  line 


Fig.  9  -Radio  noise  meter/X-Y  plot  and  spectrum  analyser  comparison  with  artificial  gap  on 


spectrum  analyser  comparison  with  artificial  gap  on  345  W  AC  line 
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Fig.  11  -Radb  noise  meter/X-Y  plot  and  spectrum  analyser  comparison  with  artificial  gap  on  345  kV  AC  line 


Fig.  12 -Radio  noise  meter/X“Y  plot  and  spectrum  analyser  comparison  with  artificial  gap  on  345  kV  AC  line 


plot  and  spectrum  analyser  comparison  with  artificial 


Fig.  15  -Radio  noise  meter/X-Y  plot  and  spectrum  analyser  comparison  with  artificial 


Hawlatt  Packard  85 tA 


Fig.  17  -Radio  noise  meter/X-Y  plot  and  spectrum  analyser  comparison  with  artificial  gap  on  345  kV  AC  line 


MHz 

Fig  19  -Radio  noise  meter/X-Y  plot  and  spectrum  analyser  comparison  with  artificial  gap  on  345  kV  AC  line 
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Fig.  20-Radio  noise  meter/X-Y  plot  spectrum  analyser  comparison  with  artificial  gap  on  345  kV  AC  line 
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Fig,  22-Radio  noise  meter/X-Y  plot  and  spectrum  analyser  comparison  for  different  lateral  distances  from  525  kV 

AC  line  with  artificial  gap 
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Fig.  23-Radio  noise  meter/X-Y  plot  and  spectrum  analyser  comparisons  50  ft  from  525  kV  AC  line 
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Fig.  28  345  kV  AC  Frequency  Spectra  108  ft.  froa  bottosn  conductor 

with  artificial  gap  (2  MHz  to  54  MHz);  at  tower. 
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Fig. 34  800  kV  DC  Frequency  Spectra  (80  to  147  MBs)  69  ft. 

from  +  conductor;  at  tower,  in  rain  and  fair  weather. 
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10.50  A.M. 


Fig. 35  800  kV  DC  Frequency  Spectra  (80  to  147  MHz)  69  ft. 

from  +  conductor;  at  tower,  in  rain  and  fair  weathar. 
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Fig.  36  500  kV  AC  Frequency  Spectra  (0.27  to  1.87  MHz)  in 
fair  weather  and  heavy  rain;  at  tower. 
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APPEHPIX  II 


APPLICATION  OP  ANTENNA  THEORY  TO  RADIATION 
PBOH  TRANSMISSION  LUTES  (1.23  -  10.0  gHt) 


1.  Introduction 


This  appendix  Is  an  extension  of  Appendix  IV  Volume  I  of  previous 
technical  report  No,  RADC-TR- 66-606,  High  Voltage  Power  Line  Siting  Criteria, 
March  1967,  The  previous  mentioned  report  used  computer  program  based  on 
Norton's  General  Equation*  for  a  plane-earth  to  develop  lateral  attenuation 
profiles  for  the  frequency  range  from  approximately  0.015  to  1000  MHz  and 
the  distance  range  of  200  to  100,000  feat.  Depending  on  frequency  and  the 
combination  of  conductor  and  antenna  height,  at  some  point  In  distance  the 
calculated  attenuation  changed  from  the  trend  of  Inverse  distance  to  the 
Inverse-distance-squared  relationship.  Measured  data  showed  comparable 
results. 


In  this  report  the  same  computer  programs  were  used  to  calculate 
lateral  profiles  for  the  1.25  to  10.0  GHz  range.  Also,  a  new  computer  pro¬ 
gram  was  written  based  on  Norton's  equation1  for  a  spherical  earth  within 
the  line  of  sight  since  the  transmitting  and  receiving  antennas  used  in 
this  study  are  classified  by  Norton  as  high  antennas,  and  the  curvature 
of  the  earth  affects  the  calculated  field  Intensity  both  at  points  within 
and  beyond  the  line  of  sight.  The  lateral  range  of  50  to  100  feet  from 
the  source  was  also  calculated  and  studied  since  field  data  had  beer,  ob¬ 
tained  at  50  feet. 


2.  Limitations  of  Norton's  General  Equation  for  a  Plane-Earth 


Considering  the  earth  a  flat  plane,  the  field  intensity  of  a 
small  dipole  antenna  at  distances  of  several  wavelengths  Is  calculated 
by  the  following: 


+  R 


_  3 

Cos  y 


2TTT2 


+  (1—  R)  P 


-  2 
Cos  y/  2 


,2tTr 


(1) 


(See  Appendix  IV,  Technical  Report  No.  RADC-TR-66-606,  on  computer  equation 
development  for  explanation  of  this  equation.) 


The  above  equation  (hereafter  referred  to  as  Norton''s  general 
equation)  does  not  allow  for  diffraction  loss  due  to  earth  curvature  and 
the  field  strength  calculated  from  It  will  therefore  be  increasingly 
higher  or  more  conservative  -  at  particularly  long  distances.  Gerks2  and 
Norton1  give  a  rough  rule  for  the  distance  limit  of  accuracy  for  this 


equation  as  59/(fL_.  miles,  hence  for 
2.3  miles. 


10.0  GHz,  a  distance  llmi *■  of 


*  References  are  given  at  the  end  of  this  appendix. 
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When  the  receiving  an team  Is  high  (h  >  2000/fMHr  ft.)  the  cur- 
Ntnit  of  ths  earth  will  modify  ths  approximations  that  ant  netaally  wade  In 
calcs latlag  field  Intensity  both  at  exees  within  end  beyond  the  line  of  sight. 
Horton  states  that  at  sufficiently  large  antenna  heights  brood  ths  line  of 
slsht  the  field  intensity  increases  exponentially  with  the  height  rather  than 
linearly  as  occurs  with  wed  low  antenna  heights,  (h  <2uOO/fHH_2'3  ft.,  which 
for  1000  MBs  fa  only  20  feet,  while  for  10  GHx  it  la  4.3  feetT) 


Within  the  line  of  sight,  the  curvature  of  the  eerth  can  still  have 
several  effects  an  the  propagation  of  radio  waves  for  high  transmitting  or 
receiving  antennas.  The  reflection  coefficient  of  the  ground-reflected  wave 
it  different  for  the  curved  surface  of  the  earth  than  for  a  plane  surface. 
Also,  since  the  ground-reflected  wave  Is  reflected  against  the  curved  surface 
of  the  earth,  its  energy  is  diverged  wore  than  would  be  Indicated  by  the  in¬ 
verse-distance  law  discussed  previously.  This  energy  divergence  can  be  taken 
into  account  by  applying  e  divergence  factor  0.  This  factor  has  the  effect 
of  reducing  the  ground-reflected  component  of  the  space  wave,  the  effect  on 
ths  reflection  coefficient  being  sxell  for  moderate  distances.  The  overall 
result  is,  therefore,  a  smeller  oscillation  of  lha  field  intensity  about  the 
free-apeca  value,  but  with  marl  mam  and  minimum  occurring  at  essentially  the 
son  distances  as  those  if  the  divergence  factor  la  not  Included. 


3.  florton'a  Aquation  for  e  Spherical  garth  (within  the  Lina  of  Sight) 

When  antennas  are  high  (1)  must  be  modified  as  follows  to  calculate 
the  ground  wave  at  points  within  the  line  of  sight. 

•  • 

[3  i  .2Wr.  ,  3  •  /?k 

Cos  m*  *  +  DT  Coa  y2  eJ 


^  O  "  R1)  F  Co#  y  2  vv®  y  2 


2  '  2 
~  —  Cos^t/, 


i 

i  r^  /h 


(2) 


where 


Tan^2  >  (7^2¥ka) 


1/3 


{See  section  on  computer  equation  development  for  explanation  of  this  equa¬ 
tion.) 

•  • 

The  anglssyi  and  If/ 2  which  are  the  angles  between  the  direct  ray 
and  a  plane  end  the  ground-reflected  ray  and  a  plane  respectively  era 
functions  of  the  heights  of  the  antenna  to  the  plane  which  are  smaller  than 
the  actual  antenna  heights. 

As  Hortcio*  points  out,  equation  (2)  needs  to  be  used  in  place  of  (1) 
only  for  high  antennas.  It  is  also  restricted  to  points  within  the  line  of 
sight  which  are  the  ones  of  Interest. 
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Thus  line  of  eight  distance  can  bo  calculated  at: 


dLs  • 


where  R  ia  the  effective  radius  of  the  earth,  and  h»  and  h2  *re  the  heights 
of  the  two  antennas.  The  refractive  index  of  the  air  decreases  with  the 
height  above  earth,  witch  has  the  effect  of  refracting  radio  waves  downward 
towards  the  earth.  This  effect  is  included  in  th*  field  calculation  by  usiag 
an  earth  radius  larger  than  the  actual,  experimental  evidence^  indicating  an 
effective  radius  about  4/3  the  actual,  or  about  5280  miles. 

4.  Effect  of  Terrain  and  Ground  Conditions 

Where  propagation  is  over  a  rough  surface,  multipath  reflections 
occur,  especially  at  the  higher  frequencies  and  the  resultant  field  pattern 
is  no  longer  than  that  determined  by  the  combination  of  the  direct  wave  with 
ot  reflected  wave.  For  rough  terrain,  movement  of  the  receiving  antenna 
causes  large  variations  at  higher  frequencies  in  the  magnitude  am1  phase 
of  ground  reflections.  For  high  receiving  antennas,  such  as  in  airplanes, 
the  field  pattern  over  mountainous  terrain  can  show  a  complete  absence  of 
any  interaction  with  the  ground  reflection. 

A  reflecting  surface  may  be  considered  flat  if  surface  irregu lari- 
ties  are  of  such  magnitude  as  not  to  cause  path  differences  larger  than  some 
small  fraction  of  the  wavelength,  and  Day  and  Trolese*  give  the  following 
limit  definition; 


1 

where  H  is  the  height  of  the  surface  irregularities,  wavelength,  and  8 

the  angle  of  incidence. 

For  the  highest  frequency  covered  by  this  study  (10  GHz)  if  cos  0 
is  taken  very  nearly  equal  to  1.0  this  definition  would  limit  the  height  of 
the  surface  irregularities  to  something  very  much  less  than  0.1  foot. 

For  a  more  detailed  discussion  of  these  effects,  see  Appendix  IV, 
Technical  Report  Ho.  RADC-TR-66-606. 
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TtM  basic  aquation  used  Is  Horton's  equation  (28)  for  a 
spherical  earth 


Space  Have 


Street  nave 


eround-raflected  wav* 


*r  .  f 

•  l  Coa3^  t  e3  +  DB 

d 


Cos  Y  2  * 


Surface  Hnva 


'  2  ’  3n,I2/> 

+  <1  «J  J 


km  hji  this  «iwtl»  1.  U*«d  to  Jlotooooo  Ithlo  «* 
line  of  sight  such  that 

tan >  (  A/TWba)1^2 

The  quantities  4,  iv  42,  *1  .  r2  »  V  h2’  kl  ’  h2  ’V1  ’  and  *^2 

£ssr«;“' “ ■?.?.&£»--  *•«—  *  °£ 

the  ground,  and  D  Is  the  divergence  factor. 

Proa  Pig.  1>  11  c*°  ®hown  that 


— — T  r2 


cosyi 


Co*  V2 


2TTri  2' 


2*<W 

984.2344 


0.0063838(^)^2 


r.  •  -  AHGll.22* 


rsannsi  q-rni.. «.  “«d ln  Co*p“t" p"8”" 


hl  -  hl--i- 

2k* 

f  f 

.  1  h,  t  h. 

Can  (^2  ”  1  2 


tanyx  -  hl  -  h2 


“2  _ 

1  2k* 


Solving  thtse  equations  for  d)  In  term*  of  known  quantities  d, 
h^t  hj  and  ka  results  in  the  following  cubic  equation 

**  -  1.5  d  dt2  •>  0.5  £d2  -  2ka  (hj  +  h2)J  dx  +  ka  hjd  -  0 


This  has  the  fora 


y3  +  PL  y2  +  p2  y  +  p3  -  0 


P  4 

By  substituting  for  y  the  value,  Z  -  1 

3 


Then  Z  +  aZ  +  b  -  0 


a  -  1/3  (3  P2  -  Pj  )  and 


b  -  1/27  (2  Px  -  9?xP2  +  27P3) 


The  real  root  of  interest 

z.  -jT~r  co.  a 


where 


■b/2  +  rr 

07 


■  srawwvaiw  a  «j> 


Basic  parameters  not  a  function  of  distance  used  by  Morton  are: 


X  _  17.9731  x  IQ15^ 

Sjs* 


as  indicated  by  Fig.  2,  where  (S  la  the  ground  conductivity  ex¬ 
pressed  In  aHiiaho-aetare/a»tar  square  and  &  is  the  dielectric 
constant  of  thi  ground  referred  to  air  as  unity. 

A  basic  para  eater  which  is  a  function,  additionally,  of  distance 
is  given  by  Norton  (sea  Fig.  2): 


1)  Cos  b  «* 


I  j— 
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JL 
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Cos  hf2  )  +  X 


Davelosnent  of  Computer  Equations  for  the  Reflection  Factor  R 

From  Norton,1  ths  reflection  factor  for  a  spherical  earth  is 
given  as: 
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Dse  Computer  Program  Symbols 
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The  real  part  of  the  numerator  is  then 
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the  imaginary  part  f  .  >. 
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and  the  dei.rainator 
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Gar  -  (C0PH2)  (5C0P32) 


Real  part  of  ground  ref lac tad  wave  “  GRCR 

-  GRR  (SR  COS  (AMS2")  -  RI  SIB  (AM622)  /RUSH 
Imaginary  pare  of  component 

-  GRCI 

-  GRK  (SR  Sin  (ANG22)  +  SI  Coa  (ANG22)  /RDEH 
Include  Divergence 

Then  GRCR  -  DIVP  (OCR) 
anJ  GRCI  -  DXVF  (CBCI) 

The  prograa  has  also  been  written  with  the  option  of  letting 
WK  -  COPE  -  SCOPE  -  1.0 


The  surface  wave  attenuation  factor  (P)  is  tha  saws  as  usad  in 
Horton's  General  Equation  for  a  Plane-Ear tty.  (The  surface  wave  component  is 
also  the  sasu  except  for  tha  use  of  CosV  2  ,  R  ,  and  ANG22  as  developed  in 
this  section  (Saa  Appendix  IV,  Technical  Report  No.  RADC-TR-66-606,  High 
Voltage  Power  Line  Siting  Criteria). 


5.4  Total  Field  Pactor 

The  total  field  at  soea  distance  then  becomes  the  vectorial  sun  of 
the  real  and  imaginary  parts  of  the  three  components: 

Sum  of  real  parts  ■  R  *  DWCR  +  GRCR  +  SNR 

Sum  of  imaginary  parts  «  U  -  DWCI  +  GRCI  +  SWI 

The  magnitude  of  the  total  field  factor  is  then 
2  2 

FIELD  -  T  +  U 
Or,  calculated  in  decibels  is 
-  10  logl()  T2  +  U2) 


um 


.  c.  : 

•  -  V 


SS - 

- 

_§S|SpSst*f‘ T  -is 


tt»  ratio  of  tba  fl*ld  lataultj  at  a  give  a  distance  a  that  of  fraa  space 
«t  c  aalt  distance,  or  1  ,  tor  wek  polarisatloa  le 

*o 


QUA  ■  TOLD  *  20.0  log jg  D 

This  wIm  la  printed  out  for  borlscntal  and  vertical  dipole  along  with  D, 
01,  HCC,  HU,  9IW,  TOTS  and  C0FB2. 


6.  Description  of  Computer  Progress  for  Field  Strengths  et  a  Distance  of 
Several  Waveleoathe _ _ _ 

The  computer  programs  used  in  the  previous  report  were  slightly 
modified  for  use  on  the  Control  Data  Corporation  6600.  These  program 
assumed  the  noise  source  to  be  an  elevated  transmitter  and  only  a  single 
phase  conductor  of  the  power  line  and  its  image  are  considered.  The  equa¬ 
tion  utilised  were  for  the  electric  field. 

6.1  Program  Using  Horton's  Equation  for  Spherical  Earth  (Within 
Line  of  Siahtl  -  Distance  Variation _ 

This  program  calculates  the  vertical  and  horizontal  fields  within 
the  line  of  sight  over  a  spherical  earth.  The  noise  source  is  considered  a 
vertical  electric  doublet  and  a  vertical  magnetic  doublet  for  the  vertical 
sod  horizontal  field  calculations  respectively  whifh  includes  the  cube  of 
the  cosine  of  the  angle  (cosine ^  ,  and  cosine  yT2  ln  th*  earlier  descrip¬ 
tion).  The  program  also  will  calculate  the  fields  with  the  cosines  equal 
to  one. 

The  following  input  cards  with  their  respective  format  must  be 
specified  for  each  case. 

1.  Title  card  (any  title  of  71  characters  or  less;  first 

space  a  blank). 

2.  Card  specifying: 

a.  Conductor  height  in  feet-. 

b.  The  receiving  antenna  height  above  ground. 

c.  Frequency  in  KHz . 

d.  The  dielectric  constant,  and 

e.  The  ground  conductivity  in  milli-mhos  per  meter  or 
mi 11 inhome ears  per  square  meter. 

The  Fortran  format  for  this  card  is  ao  follows:  2FS.1,  F9.3,  2F7.1. 

3.  Card  specifying: 

a.  The  starting  distance  (do  not  start  with  zero)  ln 
feet. 
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b.  The  ending  distance  In  feet. 

c.  The  dlstaiv^e  increment  In  feet. 

d.  A  Tlag"  character. 

This  card  has  a  format  of  3F8.1,  76 


If  the  character  1  is  inputted  for  itea  (d),  the  program  will  set 
the  cosines  equal  to  one.  If  itea  (d)  is  left  blank,  the  program  will  use 
the  cosines  cubed. 


7.  Description  of  Computer  Calculated  Attenuation  Curves  (200  to 
100.000  feet.  Plane-Earthi 


Figures  3  through  8  are  calculated  distance  attenuation  curves  for 
frequencies  f row  1.23  to  10.0  GHz  fraw  200  feet  to  100,000  feet.  Attenua- 
tlon  was  calculated  for  vertical  and  horizontal  antennas  using  Horton's 
general  equation  (Cos^p  j  and  Cos^2  *or  direct  and  ground-reflected 
waves  respectively).  A  ground  dielectric  constant  of  30  and  a  conductivity 
of  20  xilllahaweters  per  swtersquare  was  assumed.  See  Appendix  IV,  Techni¬ 
cal  Report  Ho.  RADC-TR-66-4G6 . 


These  curves  were  plotted  as  in  the  above  mentioned  report;  there¬ 
fore  a  trend  line  was  drawn  along  the  crests  of  the  maxlsxia  points.  This 
line  which  is  labeled  "approximate”  follows  this  Inverse  distance  relation¬ 
ship  and  has  been  used  in  the  attenuation  curves  from  200  to  100,000  feet. 
Thus,  values  for  any  given  curve  way  be  below  this  "approximate"  base  value 
at  200  feet,  but  the  method  is  more  appropriate  for  establishing  attenua¬ 
tion  over  the  range  of  distance. 

At  these  frequencies  and  for  these  distances,  the  difference  be¬ 
tween  the  calculated  vertical  and  horizontal  fields  was  insignificant;  there¬ 
fore  Figures  3  through  8  are  for  both  vertical  and  horizontal  polarization. 
Depending  on  frequency  and  the  combination  of  conductor  and  antenna  heights, 
at  some  point  in  distance  the  calculated  attenuation  changes  from  the  trend 
of  Inverse  distance  to  the  inverse-distance-squared  relationship.  The 
curves  are,  therefore,  an  aid  in  determining  where  this  change  takes  place. 

8.  Description  of  Computer-C  i leu la ted  Attenuation  Curves  (200  to 
100.000  Feet.  Spherical  Earth.  Within  Line  of  Sight) 

Figures  9,  10  and  11  are  a  comparison  of  calculated  distance  at¬ 
tenuation  curves  assuming  a  plane-earth  and  a  spherical-earth  for  1.25, 

5.00  and  10.0  GHz.  Figure  9  is  for  a  transmitting  and  receiving  antenna 
height  of  90  feet;  Fig.  10  is  for  a  transmitting  and  receiving  antenna 
height  of  90  and  15  feet  respectively,  and  Fig.  11  is  for  a  transmitting 
and  receiving  antenna  height  of  35  and  90  feet  respectively.  These  heights 
were  picked  as  typical  of  what  may  be  encountered  in  practice. 

The  curves  as  calculated  for  a  spherical  earth  do  not  vary  from 
those  calculated  for  a  plane-earth  until  about  4000  feet  where  the  attenua¬ 
tion  is  faster  than  the  Inverse  distance  squared  relationship.  The  curves 
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I , 


■tor  that  the  4«jtm  of  attenuation  depends  upon  frequency  end  antenna 
height.  Am  either  frequency  or  antenna  height  la  lncreaaed,  the  attenua- 
tlon  will  be  grantor  beyc-'-*  the  distance  where  the  lnverae  dlateoee 
ralatioashlp  changes  to  som^  ether  relatlonahlp. 

Horten’s  equation  for  a  spherical  earth,  of  course,  assumes  a  per¬ 
fect  sphere  vlth  uniform  ground  constants.  In  practice,  at  these  microwave 
frequencies,  the  affect  of  the  terrain  has  a  tremendous  effect  on  the  cal¬ 
culated  value  aa  ana  discussed  In  section  4  of  this  appendix.  The  theory 
will  glee  average  fields  encountered  In  practice.  A  conservative  practice 
mould  be  to  use  the  plane-earth  calculation.  An  even  more  conservative 
practice  mould  bo  to  use  the  Inverse  distance  relationship  and  this  is 


1.  Description  of  Computer  Calculated  Attenuation  Curves  (SO  to 


If  the  transmitting  end  receiving  entenna  are  the  same  height  above 
ground,  the  calculated  crest  values  of  field  strength  (Horton’s  equation)1 
will  attenuate  as  tbs  Inverse  distance  relationship  for  the  distance  range 
of  50  to  200  feet.  Since  the  Cor^j  term  is  s  function  of  the  difference 
la  catenae  heights,  the  curves  will  tsnd  to  saturate  In  this  range,  the  de¬ 
gree  of  saturation  dapeadant  upon  the  difference.  See  Fig.  12.  The  Coe3y  ^  2 
terns  are  a  result  of  the  type  of  transmitting  antenna  that  Horton  uses  to 
devalop  hie  equation,  a  vertical  electric  doublet  for  vertical  polarisation 
end  a  vertical  magnetic  doublet  for  horizontal  polarization. 

The  field  data  obtained  with  the  5/16-inch  gap  attenuated  as  the 
Inverse  distance  relationship.  By  setting  the  Cosines  equal  to  1.0  Horton's 
equation  will  give  a  similar  relstlomshlp.  Figure  13  shows  this  result  for 
both  the  vertical  and  horizontal  dipole  end  for  Cos-V  ^  2  witit  transmitting 
end  receiving  antenna  heights  of  90  snd  15  feet  respectively. 

Based  on  the  field  date  obtained  In  this  study,  if  messurements 
are  made  50  feet  laterally  from  a  gap,  the  data  should  be  corrected  to  other 
distances  ce  the  inverse  distance  reletlosiehlp. 


1.  K.  A.  Horton,  "The  Calculation  of  e  Ground  Wave  Field  Intensity  Over 

e  Finite  Conducting  Spherical  Earth,"  Proc.  IRE.  Vol.  29,  pp.  623-639, 
December,  1941. 

2.  T  H.  Gerks,  "Dee  of  a  High-Speed  Computer  for  Ground  Wave  Calculations  " 
IBB  Irena.  on  Amentias  end  Propagation.  May,  1962,  pp.  292-299. 


laa&i.  on  auesnuss  and  Propagation,  nay,  lvoz,  pp.  zvz-zvv. 

3.  J  P.  Day  and  L.  G.  Trolese,  "Propagation  of  Short  Radio  Waves  over 
Desert  Terrain,"  Proc.  IRE.  Feb.,  1950,  pp.  163-175. 

4.  Standard  Mathematical  Tables,  (book)  llth  ed..  Chemical  Rubber  Publish¬ 
ing  Company,  1957,  pp.  344-345. 
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FORTRAN  Sta tenant* 

For 

Radiation  Propagation  Calculation* 
Norton  Equation 
Spherical  Earth 
Distance  Variation 
(Within  Line  of  Sight) 
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Fig.  1-Illustrations  of  quantities  used 
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ig.  3  -Attenuation  of  field  with  distance  from  line-vertical  or  horizontal  dipole 


Lateral  Distance,  ft 

Fig.  4  -Attenuation  of  field  with  distance  from  line-vertical  or  horizontal  dipole 


Fig.  5  -Attenuation  of  field  with  distance  from  line-vertical  or  horizontal  dipole 


distance  from  line-vertical  or  horizontal  dipole 


Attenuation  of  field  with  distance  from  line-vertiral  or  horizontal  dipole 


Fig.  9  -Comparison  of  plane  and  spherical  earth  calculation  for  horizontal  and  vertical  field, 
transmitting  and  receiving  antennas  are  90  ft  high  (within  line  of  sight! 


Plane-Earth 
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calculation 


Fig.  11  -Comparison  of  plane  and  spherical  earth  calculation  for  horizontal  and  vertical  field, 
transmitting  and  receiving  antennas  are  35  and  90  ft  high  respectively  (within  line  of  sight) 


_  12 
CO 


a  8 


Antenna  Heights 
Transmitting  Receiving 
A  90ft  90ft 

B  60  40 

C  35  90 

D  90  15 


50  60  80  100  150  20 

Lateral  Distance,  ft 

Fig.  12-Attenuation  of  horizontal  field 
with  distance  (calculated  using  cos3^ 
and  cosfyj 
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Horizontal  Dipole 
Vertical 


50  60  80  100  150  200  Lateral  Distance,  ft 

90  %  110  125  168  214  Radial  Distance,  ft 


Fig.  13“Attenuation  of  field  with  distance  for  90  and  15  ft 
transmitting  and  receiving  antenna  heights  respectively 
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VESTlSGSSSSi  ELECTRIC  CORPORATION 
ELECTRIC  UTILITY  HEADQ3ASTEB5  DEPAR£K£N7 
RESEARCH  AND  DEVELOPMENT  CENTER 
PITTSBURGH,  PENNSYLVANIA 


ROME  AIR  DEVELOPMENT  CENTER 
(RADC) 

GRIEF IS S  AIR  FORCE  BASE 
ROME,  NEW  YORK  13442 


CONTRACT  AF3C602-67-C-0171 


AFTC5CLX  in 


3I5LI0CSAP5T 

This  follows  os  fraa  the  previous  contract  on  High  Voltcge  Power 
Line  Siring  Criteria  where  EXI  taeasur«aet-ts  were  cade  ic  the  frequency  range 
of  6.0  H*  to  1  Ciz  from  ac  high  voltage  power  line*  to  345  kV.  The  nev  con¬ 
tract  calls  for  interference  studies  to  a  frequency  of  10  GHx  on  ac  lines  to 
?35  fcV  and  an  800-kV  dc  lice. 

The  literature  ia  divided  into  two  sections  as  follows: 

1.  Microuave  Measuring  Instruments  and  Techniques 

II.  High  Volte|c  ac  snd  dc  Power  Lines  -  Radio  Koise 
and  Associated  Data  , 

Note:  Many  papers  covering  measurements  related  to  dc 
lines  may  be  found  on  the  previous  contract 
Bibliography. 

RADC-TR-66-606,  March  1967. 
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1. 


I.  Xicrffssv*  Measuring  Instraaents 


SU  ad  log  Wave  Seduction  In  an  ETI 
Laboratory 

Cory,  W.  E. 

The  properties  of  RF  abaerber  matericls 
are  discussed  and  measurement  techniques 
In  relation  to  absorber  quality  reviewed. 

A  general  purpose  RFI  Laboratory  Is  de¬ 
scribed  within  which  standard  RFI  taea- 
swring  equipment  covering  the  l  to  10  GHz 
range  is  used.  The  receiver  generator  and 
calibrated  antenna  used  are  listed  with 
manufacturer 's  w-.. 

A  straightforward  technique  for  evaluating 
the  performance  of  absorber  material  is 
described  and  In  the  laboratory  used  as 
effective  background  reflectivity  of  about 
4%  frots  1  to  10  GKz  was  measured. 

2.  A  Hew  10  GHz  to  40  GHz  RFI  Measuring  In¬ 
strument 

Currans,  J.  K. 

In  view  of  the  Increasing  use  of  the  X  band 
(8.2  -  12.4  GHz)  and  Ku  band  (12.4  -  18  GHzO 
etc., for  communications  and  radar  the  range 
of  the  Stcddart  NK62A.  (I  to  10  GHz)  RFI  mea¬ 
suring  ln°trument  has  been  increased.  This 
is  achieved  by  use  of  the  HMC-1040  Micro¬ 
wave  Frequency  Converter  enabling  RFI  mea¬ 
surements  to  be  made  from  10  to  40  GHz.  A 
description  of  the  converter  is  g*ven. 

Three  tuning  modes  are  available:  Manual, 
Autoscar,  and  Sweep.  X-Y  records  of  frequency 
spectra  may  be  made  with  manual  or  automatic 
drive  of  the  X  axis  and  the  sweep  mode  may 
be  used  In  conjunction  with  an  oscilloscope 
to  obtain  a  panoramic  displey  of  a  frequency 
spectrum. 

3.  A  DC  Triggered  High-Speed  High-Pcrwer  Micro¬ 
wave  Spark  Gap  Switch 

Farber,  H. 

A  Method  of  switching  pulsed  RF  power  up 
to  60  kW  peak  in  the  5  GHz  rangd  is  de¬ 
scribed. 


Techniques 


IEEE  Transactions  on 
Electromagnetic  Com¬ 
patibility.  Vol.  EMC7 
Ho.  1,  March  1965. 


IEEE  Transactions  on 
Electromagnetic  Com¬ 
patibility.  Vol.  EMC 7 
Ho.  2,  June  1965. 


IEEE  Transactions  on 
Microwave  Theory  & 
Techniques.  Vol.  M77/13 
Nc.  1,  January  1965. 
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This  is  achieved  by  means  of  a  spark  gap 
evi'-ch  triggered  by  dc  pulse  of  10-15  kV 
amplitude  with  a  rise  tine  in  the  order  of 
5»j  s. 

Physical  dimensions  are  small  as  it  consists 
essentially  of  a  5/32"  diameter  trigger 
sphere  between  two  3/8  inch  diameter  hemi¬ 
spheres  within  a  section  of  waveguide. 

May  be  adaptable  as  microw  ve  reference 
source  on  HV  Power  Lines  triggered  by 
line  volts  as  instrument  check. 


4.  Radio  Te'escopes 
Findlay,  J.  W. 

Describes  various  types  of  Radio  Telescopes 
th3t  have  been  built  and  tested. 

States  general  frequency  range  from  20  MHz 
to  10  GHz.  Table  giver,  lists  the  available 
power  fluxes  of  some  typical  radio  sources. 
With  good  radiometers  it  is  possible  to  de-’ 
tect  with  reasonable  certainty  powers  of 
10_23  w/cps. 


IEEE  Transactions  on 
Military  Electronics 
July/October  1964. 


Microwave  Engineering 


Ishii,  T.  Koryu 


Ronald  Press  Co. 
New  York  1966. 


6.  Predicting  the  Antenna's  Role  in  RFI 
Jacobs,  E. 


Electronic  Industries 
May  1960 


Discusses  antenna  characteristics  such  as 
gain,  Impedance  and  radiation  pattern. 

The  near  and  far  field  regions  of  operation 
are  mentioned  and  it  is  noted  that  the  near 
field  region  requires  more  study  with  the 
trenr,  toward  larger  antenna  sizes.  It  is 
important  to  consider  that  due  possibly  to 
small  dimensional  changes  antennas  of  the 
same  type  may  have  different  minor  lobe 
patterns . 

The  Determination  of  the  Usable  Field- 
Strength  of  Frequencies  above  470  MHz  over 
Irregular  Terrain 

Ktfhn,  V.  (not  abstracted) 

A  brief  'Ascription  of  UHF  field  strength 
investigations  in  the  East  German  Republic 


Nachrichtentechnik 
(Germany)  Vol.  15, 
No.  5,  161-6  (May 
1965) 


.•V.Jl 


7**  2 


la  presented,  undertaken  at  43  cite*  at 
■oatly  tvo  spot  frequencies  (4S0  cod  780 
MBs),  supported  by  asps,  height  profile* 
sod  field  strength  plots.  The  results 
indicate  that  the  awssured  field  c.recgths 
in  mountainous  terrain  departed  as  such  as 
*>y  30  dF  froa  the  Stockholm  CC1S  curves. 

At  780  KBs  on  average,  they  were  dcwn  by 
10  dB  in  the  mountains  and  3  -4  dB  in  the 
hilla.  It  was  also  found  that  the  CCIR 
set  hod  of  testing  by  the  sea  ied-dovn  3-16  Fa 
method  yields  too  pessimistic  results,  and 
aore  realistic  testa  at  full  aerial  heights 
are  to  be  preferred. 

8.  Investigation  of  Spectrum  Signature  In¬ 
strumentation. 

i 

Metcalfe,  R.  E. 


IEEE  Transactions  on 
Electromagnetic  Com¬ 
patibility.  Vol .  EMC7 
June  1955 


Calibration  and  comparison  of  the  power 
measured  by  various  RIF I  meters  and  spec¬ 
trum  analyzers.  Experimental  data  verifies 
the  derived  theoretical  relationship  be¬ 
tween  the  pulse  power  input  to  a  receiver 
of  finite  bandwidth  and  a  substituted  CW 
signal.  The  RIFI  meters  were  the  Polcrad 
Model  FIM-2;  Empire  Model  NP-112  and  Stod- 
dart  Models  NM-62A  and  AN/URM-42  and  the 
Spectrum  Analyzers,  the  Polorad  Hodels 
AN/UEW-84  and  TSA-F;  Lavoie  Model  LA-18A 
and  Hewlett-Packard  Model  851A/8551A.  Mea¬ 
surements  were  made  of  various  width  pulses 
and  the  actual  spectrum  obtained  on  the 
Hewlett-Packard  Spectrum  Analyzer  for  a  one- 
microsecond  pulse  is  shown.  Results  indi¬ 
cate  that  data  from  different  bandwidth 
Spectrum  Analyzers  may  be  correlated. 
Measurements  using  three  different  RIFI 
meters  by  each  of  ten  different  opera¬ 
tions  are  tabulated.  It  is  concluded 
that  present  calibration  techniques  in 
the  EMC  field  are  inadequate  and  ex;: ’-erne 
care  be  taken  when  specifying  instrument 
parameters.  Also  there  is  need  for  the 
power  per  unit  bandwidth  equations  in 
MIL-STD-449B  to  be  reconsidered. 

9 .  Technique  of  Microwave  Measurements 
Montgomery,  C.  G. 


KIT  Radiation  Lab  Series. 
McGraw-Hill  Book  Co., 
1947. 
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10.  Airport*  Radar  Signal  Otrsiry  Kti- 
surements 

Myers,  S.  A. 

A  stucy  vaa  undertaken  to  develop  a  reli¬ 
able  net hod  for  predicting  the  environ¬ 
mental  interference  conditions  due  to 
ambient  radar  energy  in  a  parti  ular 
area. 

The  prediction*  made  for  radar  dense 
areas  o £  0£v  were  verified  by  actual 
measurements.  These  measurements  ware 
made  in  a  series  of  flights  over  the 
areas  In  question  using  a  receiver  of 
-70  dSe  resistivity  and  20  MSz  bandwidth. 
Graphs  of  pulses  per  second  frequency 
(L  and  S  bands)  are  presented. 

11 ,  Principles  of  Radar 
Relntjes  and  Goate 


12.  The  Future  of  EMC  Instrumentation 
Sproul,  R.  W. 

Present  QIC  Instrumentation  is  re¬ 
viewed  in  particular  with  reference  to 
frequency  domain  and  time  domain  mea¬ 
surements. 

Instrument  performance  and  characteris¬ 
tics  are  discussed. 

Future  needs  are  outlined  especially  the 
use  of  time  domain  analysis  of  inter¬ 
ference  in  view  of  the  increasing  use 
of  digital  communications. 

13.  Analytical  Prediction  of  Electromagnetic 
Environments 

In  view  ct  the  present  development  rate 
it  is  expected  in  the  near  future  that 
radar  pulses  in  excess  of  10  MW  peak  power 
and  receiver  sensitivities  in  the  order 
of  -110  dBm  will  exist  which  will  further 
increase  Interference  problems. 


IEZ£  Transactions  on 
Radio  Frequency  Inter¬ 
ference,  June  1963 


MIT  Radar  School  Staff 
Third  Edition 
McGraw-Hill  Book  Co., 
1952. 

IEEE  Transactions  on 
Electromagnetic  Com¬ 
patibility,  Vol.  PMC7, 
No.  lt  March  1965. 


IRE  Transactions  on 
Communications  Systems, 
June  1961. 
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Thla  paper  discusses  programmes  In  USA  and 
UK  concerning  Electromagnetic  Compatibility 
and  prediction  of  electromagnetic  environ¬ 
ments.  etc. 

In  all  caaea  mathematical  models  are  de- 
veloped  for  solution  by  digital  computer. 

Clves  example  of  histogram  relating  the 
number  of  receivers  Jammed  by  mutual  in¬ 
terference  to  the  probability  of  this 
occurring  in  a  dealre  aignal  complex. 

14.  A  Handbook  on  Mcthi-a  and  Procedures  for  White  Electromagnetics, 

Automating  RFI/EMI  Measurements  Inc.,  Rockville,  Maryland. 

Library  of  Congress  Catalog 

White,  D.  R.  J.  Card  No.  66.26617. 

15.  New  Electromagnetic  Compatibility  In-  IEEE  Transactions  on 

strumentation  and  Measurement  Require-  Electromagnetic  Com¬ 
ments  and  Techniques  patlblllty,  Vol.  EMC7 

No.  2,  June  1965. 

White,  D.  R.  J. 

Dlscussea  measurement  accuracy  and  mis¬ 
leading  definitions.  Probable  instrumenta¬ 
tion  errors  are  listed.  New  RIFI  instru¬ 
ment  needs  are  discussed  together  with  the 
various  responses  of  X-Y  recorders. 

Antenna  pattern  measurements  using  the  sun 
as  a  signal  generator  and  the  conduct  of 
electromagnetic  site  surveys  are  rnvieved. 


IX.  High  Voltage  ac  and  dc  Fewer  Lines  -  Radio  Noise 
_ and  Associated  Data _ 


Corona-Loss  Characteristics  of  EHV' 
Transrais,ion  Lines  Rased  on  Project 
EHV  Research 

Anderson,  J.G.,  Baretsky,  Jr.,  M., 
McCarthy,  D.D. 

Since  1960  the  corona-loss  charac¬ 
teristics  of  a  variety  of  extra-high- 
voltage  (EHV)  transmission-line  con¬ 
figurations  have  been  under  study  at 
Project  EHV  (1),  (2).  This  paper 
presents  results  from  the  analysis 
of  corona  losses  measured  under  all 
weather  conditions  experienced  dur¬ 
ing  2-1/2  years  of  observation  of 
single  or  bundled  conductors  at  500 
or  700  kV.  In  addition,  corona 
characteristics  are  presented  for 
switching-surge  transients  and 
severe  steady-state  overvoltages. 

The  purpose  of  this  paper  is:  (1)  to 
summarize  some  of  the  statistical 
aspects  of  fair-  and  foul-weather 
corona-loss  observations  for  the. 
configurations  studied,  and  (2)  in 
terms  of  electrical  and  meteorologi¬ 
cal  parameters,  to  describe  an  equa¬ 
tion  for  corona  loss  on  EHV  lines 
that  is  in  a  form  directly  applicable 
by  transmission  engineers  to  EHV  line 
design. 


Paper  31  TP  65-700,  IEEE  Trans¬ 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-85,  No.  12, 
December  1966,  pp.  1196-1212 


Prog  aB  Report  on  BPA  HV  DC  Test 
Line  Radio  Noise  and  Corona  Loss 

Bailey,  Burt  M. 

Power  transmission  of  high-voltage 
direct  current  (HV  dc)  by  overhead 
lines  presents  a  new  concept  with 
which  the  industry  has  had  little 
experience.  Radio  noise  and  corona 
loss  values  were  recorded  on  a  full- 
scale  test  line  and  statistically 
analyzed  in  relation  to  prevailing 
weather  conditions.  Comparison  was 
made  to  radio  noise  readings  taken 
on  a  nearby  ac  line.  Results  cover 
the  analysis  of  approximately  six 
months'  data. 


Paper  31  TP  66-403,  IEEE  Trans 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-86,  No.  10, 
October  1967,  pp.  1141-45. 
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3.  Alternating  Current  Corona  In  Foul 
Weather  XI  -  Below  Freezing  Point 

Boulet,  L.,  Cahill,  L.,  Jakubszyk, 
B.  a. 


The  mechanisms  of  ac  corona  caused 
by  the  pretence  of  Ice  partlclea  Is 
shown.  Two  kinds  of  precipitation 
are  distinguished:  the  snow-like 
and  hall- like  fores.  Conditions 
of  snowcover  forest ion  on  trans¬ 
mission-line  conductors  are  analyzed. 
This  cover  nay  result  In  the  highest 
corona  energy  losses,  caused  mainly 
by  steady  pulseless  corona  In  the 
positive  and  Trlchel  Impulses  In 
the  negative,  half-cycle.  No  stream¬ 
ers  are  reported  from  the  snowcover 
by  conductor  voltage  gradients  of 
less  than  ?0  W  rms/em.  Streamer 
discharges  and  high  radio  Inter¬ 
ference  are  caused  by  Impinging 
snowflakes  and  liquid  or  frozen 
uaterdrops  on  the  conductor  sur¬ 
face.  The  results  of  laboratory 
tests  confirmed  field  Investiga¬ 
tions  on  the  Hydro-Quebec  315-kV 
t  nsmlsslon  system. 

4.  Effect  of  Station  Radio  Noise 

Sources  on  Transmission  Line  Noise 
Levels  -  Experimental  Results 

Davey,  Jack,  Deloney,  H.  L., 

LaForest,  J.  J. 

Xnown  sources  (gaps)  of  radio  noise 
(RX)  generation  were  applied  to  a 
transmission  line  close  tc  a  station 
and  the  resultant  transmission  line 
RX  levels  were  monitored.  Measure¬ 
ments  are  In  good  agreement  with 
calculated  values.  Measurements 
of  station  Impedance  were  made. 

RI  gaps  were  found  to  be  stable  and 
operated  as  constant  current  gen¬ 
erators  Tver  a  wide  range  of  load 
Impedance. 


Paper  31  TP  65-80? ,  IEEE  Tranr 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-85,  No.  6, 
June  1966. 


Paper  31  TP  66-490,  IEEE  Trans 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-86,  No.  8, 
August  1967,  pp.  1007-11. 
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5.  BPA ! it  1100-kV  Direct  Current  Test 
Project:  II  Radio  Interference 
and  Corona  Loss 

Gehrig,  E,  A. 


IEEE  Transactions  on  Power 
Apparatus  and  'Jvst.ems,  Vol. 
PAS-86,  Ho.  3,  W»rch  1967 


Radio  interference  and  corona  loss 
was  investigated  over  a  one  yerr 
period  from  bipolar  (*550  kV)  and 
monopolar  dc  test  lines  of  1.3  to 
4.2  miles  in  length.  Influence  of 
line  construction,  conductors,  fre¬ 
quency  ana  weather  were  studied. 

Radio  influence  found  to  be  similar 
to  ac  lines  axceqt  for  precipitation 
and  wind  effect t.  Aijo  dc  radio  in¬ 
fluence  exerted  less  disturbance  to 
radio  receivers  than  ac  for  the 
same  signal  to  noise  ratio. 

6.  Modes  of  Corona  Discharges  in  Air  Paper  31  C  44-A,  IEEE  Trans¬ 

actions  on  Power  Apparatus 

Giao,  Trinh  N.,  Jordan,  Jan  B.  and  Systems,  Vol.  PAS-87, 

No.  5,  May  1968,  pp.  1207-15. 

Corop-  discharged  in  air  exist  under 
several  distinct^”''?  forms,  either 
pulsatlve  or  stable.  The  properties 
of  different  coror«r  modes  are  analysed 
as  they  appear  in  &  cylindrical  dis¬ 
torted  field.  Differences  between  dc 
and  ac  excitations  are  emphasized. 

Corona  discharges  may  produce  energy 
loss  without  detectable  radio  rolse 
or  high  noise  at  low  energy  loss,  de¬ 
pending  upon  their  f jrrn  of  appearance. 

The  different  withstands  of  asymmetric 
gaps  under  different  polarities  also 
find  their  explanation  in  corona  mech¬ 
anism. 


7.  Right-of-Way  and  Conductor  Selection 
for  the  Allegheny  Power  System  500-kV 
Transmission  System 

Guyker,  W.  C.,  O'Neil,  J.  E>,  Hiieman, 
A  •  R  r 


Paper  31  TP  65-812,  IEEE  Trans¬ 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-85,  No.  6, 
June  1966,  pp.  624-32. 


The  Allegheny  Power  System  500-kV 
transmission  system  has  been  designed 
before  commercial  500-kV  line6  have 
had  any  service  experience.  To 
achieve  an  optimum  design,  studies 
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w* re*  performed  in  all  areas.  Tr>ls 
p«p®r  ©resects  the  results  of  thr 
study  of  right-of-way  width  and 
conductor  else.  The  line  was  de¬ 
signed  to  be  compatible  with  exist¬ 
ing  Type  B  (54  dB)  radio  station 
signs!  levels  and  the  minimum  con¬ 
ductor  Hiss  and  right-of-way  width 
(200  feet)  were  selected  based  on 
comparative  data  from  operating  and 
test  facility  lines.  An  economic 
evaluation  of  s  number  of  satisfac¬ 
tory  conductor  systems  (2-,  3-,  and 
4-eonduetcr  bundles)  was  made  result¬ 
ing  in  the  selection  of  a  2-conduc¬ 
tor  bundle  of  1. 681-inch  ACER  condc- 
tors  for  this  system. 

8.  Tennessee  Valley  Authority's  Radio  Paper  31  TP  67-455,  IEEE  Trans- 

Interfererce  Experiences  on  500-kV  actions  on  Power  Apparatus  and 

Transmission  Lines  Systems,  Vol.  PAS-87,  No.  4, 

April  1968,  pp.  903-11 

Hartley,  James  W.,  Smith,  Robert  T., 

Dobson,  Herbert  I. 

This  paper  describes  a  two-year  in¬ 
vestigation  of  radio  interference 
(RI)  levels  in  the  vicinity  of  400 
miles  of  operating  500-kV  trans¬ 
mission  lines.  Discussions  are 
given  of  instruments,  antennas,  and 
types  of  surveys;  the  design  and 
development  of  RI  monitoring  sta¬ 
tions;  and  comparisons  of  the 
relative  merits  of  various  sup¬ 
plementary  items.  Results  from 
RI  profiles,  RIV  measurements,  and 
monitor  station  recordings  are 
analyzed  and  presented  along  with 
brief  discussions  of  signal-to- 
noise  ratios  and  evaluation  of 
TVA*8  transmission  line  design  and 
construction  techniques. 

9.  Insulation  Requirements,  Corona  Paper  63-998,  IEEE  Transactions 

Losses,  and  Corona  Radio  Inter-  on  Power  Apparatus  and  Systems, 

ference  for  High  Voltage  dc  Lines  Vol.  83,  May  1964,  pp. 500-08 

Hylten-Cavallius,  N. 

Discusses  at  length  the  problems 
of  insulator  pollution  anJ  gives 
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details  of  tests  ove?  a  two  year 
period  on  both  ac  and  dc.  Desirable 
features  for  good  dc  insulators  are 
outlined.  Radio  interference  on  dc 
lines  is  due  to  corona  pulses  on  the 
line,  partial  discharges  on  insula¬ 
tors  and  by  pulses  occurring  at  the 
ignition  of  the  valves,  being  trans¬ 
mitted  via  the  sritchyard  to  the  line. 

Mentions  Radio  Interference  measure¬ 
ments  in  the  extreme  high  frequency 
range;  30  MHz  to  1.5  GHz.  Measure¬ 
ments  carried  out  on  a  30  m  long  test 
line  at  250  kv  dc  with  positive  po¬ 
larity  corresponding  to  2.9  cm/kV 
on  the  insulators.  Instrument  used 
was  a  radio  telescope  at  a  distance 
of  IOC  to  200  m  and  no  significant 
radiation  was  recorded  from  the  line 
in  foul  or  fair  weather.  During  bad 
weather  the  insulator  chains  radiated 
about  I0'it;  watts/Hz  period  of  the 
receivers  bandwidth  in  the  whole  fre¬ 
quency  range. 

10.  Corona  Losses,  Radio  Interference  CIGRE  Paper  No.  407,  1964 

and  Insulator  Requirements  for  HV  dc 
Lines.  Studies  Regarding  Insula¬ 
tor  Interference  for  Frequencies 
between  30  and  1500  MHz. 

Hylten-Cavallius,  N. 

Describes  measurements  of  radio  in¬ 
terference  and  corona  losses  carried 
out  simultaneously  on  HV  dc  lines. 

Monopolar  to  1000  kV  and  bipolar  to 
-350  kV.  Details  are  given  on  in¬ 
sulator  choice  and  long  term  pollution 
tests. 

Results  are  tabulated  regarding  radio 
interference  measurements  from  line 
insulators  for  frequencies  between 
30  MHz  and  1.5  GHz.  These  measure¬ 
ments  were  carried  out  on  a  short  un¬ 
loaded  test  line  by  Orsala  Space  Ob¬ 
servatory;  a  division  of  the  Research 
Lab  of  Electrophysics,  Chalmers'  Tec- 
nical  University,  Gothenburg,  Sweden. 

A  radio  telescope  was  used  and  the 
insulators  found  to  radiate  on  an 
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average  10  w/Hz.  Silicon  treat¬ 
ment  of  insulators  was  found  to  re¬ 
duce  radiation  by  about  10  dB. 

It  la  concluded  that  since  in  high 
sensitivity  radio  astronomy  work  the 
flux  density  of  radio  frequency  in¬ 
terference  should  not  exceed  10' 26 
v/Hz/m^.  Then  insulator  radiation 
makes  power  lines  a  potential  source 
cf  disturbance  for  radio  astronomy 
observations  and  space  consainica- 
,  tiros  at  distances  closer  than  100  km. 

11.  Correlation  of  Various  RX  Meters 
and  Reading  Comparison  of  RX  Meter 
Operators  on  a  ?35-kV  Line 

This  paper  describes  the  results 
of  a  study,  sponsored  by  Working 
Group  No.  1  of  the  RI  Subcommittee, 
on  Hydro-Quebec 1 s  735-kV  line. 

Various  RI  measuring  techniques 
were  used  in  obtaining  frequency- 
spectrum  and  lateral  profiles. 

Radio  noise  measuring  locations  were 
studied  and  compared  with  measuring 
practices  for  determining  statistical 
RI  levels  of  operating  EHV  lines.  Com¬ 
parison  between  different  RX  meters 
has  Indicated  that  in  the  broadcast 
band  the  Stoddart  NM20B  reads  1  to3 
dB  higher  than  the  Siemens.  An  RI 
measuring  test  among  1A  meter  opera¬ 
tors  indicated  the  "human"  error  to 
be  plus  or  minus  2  dB.  Nighttime 
visual  corona  was  observed  and  dis¬ 
cussed. 

12.  A  Laboratory  Study  of  the  Effects  by 
Wind  on  dc  Corona 

Khalifa,  M.  M. 

The  corona  vs  wind  characteristics  of 
dc  lines  having  in  one  case  discrete 
metal  projections  from  smooth  conduc¬ 
tors  and  in  the  other,  stranded  con¬ 
ductors  were  studied  using  two  labora¬ 
tory  models.  The  model  with  projec¬ 
tions  had  wind  speeds  up  to  IS  mph 
across  it  from  blowers  whilst  the 
other  model  was  used  in  conjunction 
with  a  15  foot  wind  tunnel  and  wind 
speed  up  to  50  mph. 


IEEE  Transactions  on  Power  Appara¬ 
tus  and  Systems,  Vol.  PAS-86, 

March  1967,  No.  3. 


Pape.  31  C  AA-B,  IEEE  Transactions 
on  Power  Apparatus  and  Systems, 
Vol.  PAS-87,  No.  5,  May  1968,  pp. 
12A9?1259. 
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13.  Study  of  Overhead  Ground  Wires 
for  dc  Transmission  Lines 


Paper  31  C  44-D,  IEEE  Trans¬ 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-87,  No.  7, 
Khalifa,  Mohaoed  M.  July  1968,  pp.  1648-56. 

The  influence  of  overhead  ground 
wires  on  the  corona  losses,  RI,  and 
telephone  Interference  of  dc  lines 
was  studied.  Corona  losses  and  RI 
were  measured  on  a  full-scale  bi¬ 
polar  test  line.  Corona  losses 
were  measured  on  laboratory  nodels 
of  monopolar,  homopolar,  and  bipolar 
lines.  Telephone  interference  levels 
were  calculated.  Experimental  and 
calculated  results  are  presented. 

Radio  Interference  from  the  First  Paper  31  TP  67-435,  IEEE  Trans- 

735-kV  Lina  of  Hydro-Quebec  actions  on  Power  Apparatus  and 

Systems,  Vcl.  PAS-87,  No.  4, 

Lacroix, Real  and  Charbonneau,  April  1968,  pp.  932-39. 

Huibert 

Results  of  radio  interference  (RI) 
level  measurements  on  the  first  735-kV 
line  of  Hydro-Quebec  are  presented. 

The  cumulative  relative  frequency  of 
RI  levels  for  the  period  from  Octo¬ 
ber  1,  1963  to  July  17,  1966,  is 
studied.  An  approximation  of  this 
curve  by  three  uniformly  distributed 
meteorological  conditions  and  the 
distribution  curve  of  absolute  humidity 
are  presented.  An  ensuing  equation 
for  the  evaluation  of  RI  levels  in 
terms  of  temperature  and  relative 
humidity  is  included.  The  rate  of 
change  of  RI  levels  with  the  maximum 
surface  gradient  on  the  conductors 
is  reported.  Frequency  spectra  and 
lateral  profiles  measured  at  mid-span 
are  shown.  The  evaluation  of  RI  levels 
using  a  published  method  is  also  illus¬ 
trated. 

Radio-Noise  Levels  of  EHV  Transmission  Paper  31  TP  65-706,  IEEE  Trans- 
Lines  Based  on  Project  EHV  Research  actions  on  Power  Apparatus  and 

Systems,  Vol.  PAS-85,  No.  12, 

LaForest,  J.J.,  Baretsky,  Jr.,  M.  December  1966,  pp.  1213-JO 

and  MacCarthy,  D.  D. 

The  results  of  three  years  of  experi¬ 
ments  and  theoretical  research  on 
transmission-line  radio  noise  at  Pro¬ 
ject  EHV  are  presented.  Computer 
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progress*  were  developed  ta  process 
She  data  on  a  statistical  basis,  and 
as  output  provide  both  histogram? 
and  regression  analyses  for  four 
test  configurations  operated  at  the 
600-  and  ?00«kV  levels.  Fair  weather 
radio-noise  levels  were  found  to  be 
significantly  affected  by  relative 
humidity,  relative  air  denaiCy,  and 
absolute  value  of  wind  velocity, 
end  these  relationships  are  discussed. 
Wet-veather  effects  are  presented 
and  discussed.  Both  fair-weather 
and  wet-weather  experimental  re¬ 
sults  are  Incorporated  in  a  theoreti¬ 
cal  analysis  of  transmission-line 
radio  noise  resulting  in  a  procedure 
which  enables  the  transmission-line 
designer  to  predict  in  advance  of  con¬ 
struction,  average  fair-weather  and 
wet-weather  radio  noise  profiles  for 
EHV  transmission  lines. 


16.  Seasonal  Variation  of  Fair-Weather 
Radio  Noise 

LaForest,  James  J. 


Paper  31  TP  67-436,  IEEE  Trans¬ 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-87,  No.  4, 
April  1968,  pp.  928-31. 


One  year  of  fair-weather  radio  noise 
(RI)  data  from  an  EHV  line  was  analyzed. 
Two  types  of  variation  were  found: 
long-term  over  several  months  end 
short-term  over  several  days.  Sum¬ 
mer  RI  readings  were  higher  than 
winter  readings  by  12  dB  and  lasted 
longer.  Based  on  these  results,  a 
procedure  for  predicting  average 
monthly  RI  levels  is  outlined.  Short¬ 
term  variations  of  fair-weather  RI 
levels  were  analyzed  statistically 
using  the  washing  effect  of  rain  on 
the  conductor  surface  as  an  explana¬ 
tion  of  the  RI  variation.  Results 
yielded  a  favorable  Inference  for 
the  statistical  model. 
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17.  Propagation  Data  for  Interference 
Ana  lysis 

Read,  Dr.  H.  R. ,  et  al. 

The  information  contained  in  Volume 
I  on  Propagation  Data  for  Inter¬ 
ference  A.^alysis  presents  methods 
useful  in  the  computation  of  propa¬ 
gation  characteristics  for  persons 
involved  in  interference  analysis 
and  prediction.  The  data  include 
theoretical  equations,  worked-out 
examples,  and  representative  curves 
showing  typical  information  for 
most  all  modes  of  propagation  en¬ 
countered  . 

The  second  volume  on  Propagation 
Data  for  Interference  Analysis  is 
entirely  supplemental  to  Volume  I. 
Working  curves  only,  with  a  few 
examples  showing  their  usage,  are 
presented  in  order  to  enhance  the 
value  of  Volume  I  by  supplying  the 
Radio  Frequency  Interference  Eng¬ 
ineer  with  data  whereby  he  can  make 
quick  estimates  to  aid  in  the 
analysis  of  interference. 

18.  A  Method  to  Detect  the  Deionization 
Margin  Angle  and  to  Prevent  the  Com¬ 
mutation  Failure  of  an  Inverter  for 
de  Transmission 

Machida ,  T . 


Jansky  &  Bailey 

A  Division  of  Atlantic  Research 
Corporation,  Washington  7,  D.  C. 
Alexandria,  Va, 

Volumes  *  and  II,  January  1962. 


IEEE  Transactions  on  Power  Appara¬ 
tus  and  Systems,  Vol.  PAS-86, 

No.  3,  March  1967. 


Describes  a  method  of  continuously 
monitoring  the  extinction  angle  of 
valves  used  as  inverters  for  dc 
transmission  so  that  with  the 
aid  of  a  comparison  circuit  the  ex¬ 
tinction  angle  may  be  continuously 
controlled  and  maintained  between 
critical  desired  limits. 

The  deviation  of  extinction  margin 
angle  is  around  15.5  percent  with¬ 
out  control  and  1.1  percent  with 
control . 


19.  Investigation  of  Corona  on  Overhead  Rational  Research  Council  of 

TranSBlaslon  Line  Conductors  at  High  Canada,  June  1961 

Voltage  dc 

Morris,  R.  M. 

Corona  loss  Investigations  were  made 
on  a  370  foot  outdoor  test  line  of 
1.108  inches  diameter  and  then  on  a 
two  conductor  bundle  spaced  18  inches. 

Voltages  up  to  500  kV  were  used. 

Two  types  of  tests  were  carried  out: 
one,  recording  corona  loss  current 
vhlie  varying  the  voltage  in  incre- 
oent  with  the  weather  conditions 
constant;  two,  recording  loss  cut* 
retu*  with  constant  voltage  for  long 
periods  under  variable  weather  con¬ 
ditions.  Preliminary  results  Indi¬ 
cate  that  in  wet  weather  losses 
are  considerably  l.lgher  than  in  dry 
weather. 

20.  Corona  and  RX  Caused  by  Particles  On 
or  Near  EHV  Conductors:  I  -  Fair 
Heather 

Newell,  Hobart  H. ,  Liao,  Tseng-Hu, 
and  Harburton,  Frank  W. 

This  study  was  made  to  identify, 
photograph,  and  establish  the  radio 
noise  importance  of  the  fair-weather 
coronas  occurring  on  an  ac  high- 
voltage  transmission  line  conductor. 

Excursions  of  fair-weather  inter¬ 
ference  to  over  teu  times  the  base 
value  of  the  line  noise  are  attribu¬ 
ted  to  corona  plumes  from  vegetable 
particles  and  insects  attached  to 
the  conductor.  Vegetable  particles 
and  insects  are  dielectrics  whose 
plumes  occur  on  the  positive  half¬ 
cycle  of  potential.  Radio  noise 
from  these  plumes  overrldas  other 
corona  noises  associated  with  the 
dielectric  particles,  the  noise 
from  weatnered  metal  protrusions  on 
the  conductor  strands,  and  the  nor- 


Paper  31  TP  66-310,  IEEE  Trans 
actions  on  Power  Appara.us  and 
Systems,  Vol.  PAS-86,  No.  11, 
November  1967,  pp.  1375-83. 
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mal  noise  frees  insulators,  acces¬ 
sories,  and  hardware.  The  con¬ 
ductor  surface  gradient,  the  total 
conductor  surface  area,  and  the 
rate  of  gradient  decay  outward  from 
the  surface  are  important  to  both 
particle  attachment  and  severity 
of  plume  formation. 

21.  Corona  and  RI  Caused  by  Particles  Paper  31  C  44-C,  IEEE  Trans- 

On  cr  Near  EHV  Conductors:  II  -  Foul  actions  on  Power  Apparatus 

Weather  and  Systems,  Vol.  PAS-87,  No.  4, 

April  1968,  pp.  :>1 1-27 . 

Newell,  Hebert  H.,  Liao,  Tseng-Wu, 
and  Warburt.n,  Frank  W. 

This  study  was  made  to  identify  and 
photograph  the  foul-weather  coronas 
occurring  on  a  high-voltage  trans¬ 
mission-line  conductor  and  to  estab¬ 
lish  their  radio-noise  Importance. 

On  the  most  tested  230-kV  line,  snow 
impingement  plumes  caused  radio  in¬ 
terference  (RI)  to  90  times,  and 
water  drop  spray  plumes  to  75  times, 
that  of  the  base  fair-weather  noise 
level.  Foul-weather  RI  caused  by 
snow,  rain,  fog,  ice,  and  condensate 
associated  with  the  conductor  over¬ 
rode  RI  generated  on  insulators, 
accessories,  hardware,  and  weathered 
conductor  protrusions,  H2O  particles 
in  different  forms  were  present  in 
the  conductor  environment  for  one- 
fifth  the  yearly  time.  The  conduc¬ 
tor  surface  gradient,  the  rate  of 
decay  outward  from  the  conductor, 
the  total  conductor  surface  area, 

H2O  particle  size  and  formation, 
and  air  velocity  over  the  conductor 
are  important  to  both  particle  at¬ 
tachment  to  the  conductor  and  to  the 
severity  and  form  ot  corona.  This 
corona  occurs  as  plumes,  Impingement 
plumes,  spray  plumes,  glows,  and 
microspatks .  Confirming  laboratory 
tests  were  made  at  230  and  345  kV. 

Confirming  observations  were  made 
on  345-  and  SOO-kV  lines.  Corona 
losses  were  caused  by  impingement 
plumes  during  snowstorms  and  princi¬ 
pally  by  spray  plumes  in  rain. 
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22.  A  Method  for  Analysis  of  Radio 
Boise  on  High-Voltage  Trans¬ 
mission  Lines 

Pi  its  la,  W.  E.,  and  Taylor,  Edgar  R. 

A  tec unique  is  described  for  approxi¬ 
mating  the  effect  of  various  factors 
on  the  radio  noiso  level,  due  to  con¬ 
ductor  corona,  on  EHV  transmission 
lines.  The  technique  is  essentially 
one  of  comparison.  Relations  are 
given  in  the  Appendix  for  calculating 
the  conductor  gradients  and  results 
are  presented  in  curve  form.  The  ap¬ 
plication  is  intended  only  for  com¬ 
parison  of  radio  noise  generated 
by  conductor  corona  on  ac  lines,  with 
conductors  ranging  only  from  0.3  to 
1.3  inches  radius  (1.5  to  3.3  cm) 
and  for  the  frequency  range  f’-ora 
about  0.2  to  1.6  MHz.  If  an  exist¬ 
ing  line  has  been  evaluated  statis¬ 
tically  the  technique  can  be  used 
to  approximate  the  radio  noise  level 
of  another  line.  A  relation  is  also 
given  for  obtaining  curves  of  3-phase 
voltage  to  conductor  radius  for  the 
same  radio  noise  generation.  Because 
of  possible  conductor  surface  differ¬ 
ences  end  environmental  differences, 
which  cannot  be  too  accurately  evalua¬ 
ted,  care  in  necessary  in  ar.y  final 
estimation  of  the  average  radio  noise 
leve 1 . 

23.  Radio  Koise  Measurements  on  High 
Voltage  Lines  from  2.4  to  345  kV 

Pakala,  W.  E.,  Taylor,  Jr.,  E.  R. 
and  Harrold,  R.  T. 

This  paper  is  based  on  radio  noise 
measurements  made  near  overhead 
power  lines  operating  at  voltages 
from  2.4  kV  to  345  kV  inclusive. 

Some  of  the  measurements  made  are 
discussed  and  analyzed  and  used  in 
a  radio  noise  prediction  technique 
for  determining  the  location  of  cotn- 
usinication  and  electronic  sites  with 
respect  to  high  voltage  overhead 
power  lines. 


1968  IEEE  EMC  Symposium  Record, 
Seattle,  Washington,  July  23-24- 
25,  1968;  IEEE  68  C12-IMC, 
pp.  96-107. 


Paper  31  TP  66-407,  IbjiE  Trans 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-87  Ho.  2, 
February  1968,  pp.  334-45 
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This  paper  is  necessarily  only  a 
summary  of  the  work  which  has  been 
reported  and  detailed  test  results, 
calculations,  appendices,  and  com¬ 
plete  bibliography  h#"e  been 
omitted. 

24.  81  Problems  in  HV-Line  Design  Paper  31  TP  67-406,  IEEE  Trans¬ 

actions  on  Power  Apparatus  and 

Paris,  Luigi  and  Sforzinl,  Mario  Systems,  Vol.  PA3-S7,  So.  4, 

April  1968,  pp.  940-946. 

Criteria  for  the  selection  of  line 
conductors  and  Insulators  are  presented 
which  may  be  helpful  to  the  HV  line 
designer  when  choosing  among  different 
line  solutions.  Methods  are  given 
for  the  predetermination  of  RI  from 
both  conductors  and  Insulator  strings, 
then  criteria  are  exposed  for  the 
definition  of  "limit"  values  for  RI 
levels;  these  criteria  are  for  the 
designer's  reference. 

25.  Generation  of  Abnormal  Harmonics  Paper  31  TP  67-495,  IEEE  Trans¬ 
in  High-Voltage  ac-dc  Power  Sys-  actions  on  Power  Apparatus  and 

terns  Systems,  Vol.  PAS-87,  Ho.  3, 

March  1968,  pp.  873-83. 

The  possibility  of  abnormal  harmonic 
generation  in  an  ac  system  feeding 
a  converter  load  is  examined  from 
the  standpoint  of  automatic  control 
systems  used  in  modern  HVDC  trans¬ 
mission  systems.  It  is  shown  that 
with  certain  types  of  automatic  con¬ 
trols,  the  firing  angles  of  converter 
valves  may  sustain  some  errors, 
which  in  turn  could  generate  abnormal 
harmonic  currents  in  the  three-phase 
ac  system  feeding  the  converter.  A 
criterion  for  predetermining  the 
type  and  extent  of  abnormal  harmonic 
generation  is  defined,  and  numerical 
examples  given.  Methods  of  reducing 
abnormal  harmonic  generation  are  dis¬ 
cussed,  and  some  experimental  data 
supporting  the  theoretical  calcula¬ 
tions  are  also  Included. 


26.  BPA'a  1100-kV  dc  Teat  Project:  I 
Measurements  end  Instrumentation 


IEEE  Transactions  on  Power  Appara- 
tua  and  Systems,  Vol.  PAS-86, 
March  1967,  No.  3. 


Poland,  M.  C. 

Describes  instrumentation  and  mea¬ 
suring  techniques  for  the  automatic 
long  term  recording  of  data,  such 
as  radio  influence,  corona  loss, 
Insulator  leakage  surge  currents, 
etc.  from  a  five-mile  long  *500  kV 
dc  test  line.  Mainly  solid  state 
equipment  is  used  and  information 
such  as  radio  Influence  current 
which  is  measured  by  a  clamp  or 
transformer  is  telemetered  to  the 
recording  station. 

RIV  is  recorded  at  the  same  time 
from  a  345 -W  ac  line  fr.w  miles 
away  as  a  check  between  ac  and  dc 
lines  under  the  same  weather  con¬ 
ditions.  167  KHz  and  834  KHz  are 
the  frequencies  at  which  RIV  is  re¬ 
corded, 

27.  Investigation  of  Corona  on  Overhead 
Transmission  Line  Conductors  at 
High  Voltage  dc 

Rakoshdas,  B. 


Experimental  Investigations  were 
made  of  the  radio  Interference  char¬ 
acteristics  of  two  370  foot  long 
test  lines,  one  a  single  1.108  inch 
diameter  conductor,  the  other  a  two 
conductor  bundle  spaced  18  inches. 
The  experiments  were  made  in  fair 
weather  with  voltages  up  to  500  kV 
dc.  Radio  Interference  frequency 
spectra  were  recorded  under  the  line 
center  and  lateral  profiles  and  mea¬ 
surement  of  antenna  patterns  made. 
Frequencies  measured  extended  to  10 
MHz.  The  performance  of  a  long  line 
of  similar  combination  is  estimated 
from  the  standing  wave  pattern  of 
the  frequency  spectrum  and  lateral 


National  Research  Council  of 
Canada,  March  1962 


204 


corona  radio  noise  and  radio  ■stations 
up  tc.  a  frequency  of  9  tBt.  and  radio 
stations  alone  are  given. 

28.  Pulses  and  Radio  Influence  Voltage 
of  Direct  Voltage  Corona 

RakoshcL'  B. 

Describes  experiments  carried  out 
to  determine  the  pulse  and  R2V 
characteristics  of  smooth  and 
stranded  conductors  with  respect 
to  polarity  and  conductor  diameter 
at  high  voltage  dc.  Mainly  the  mea¬ 
surements  were  made  In  the  labora¬ 
tory  using  a  cylinder-coaxial  wire 
electrode  arrangement  and  wire  di¬ 
ameters  less  than  1/4".  Other 
measurements  were  made  outdoors  with 
conductor  diameters  up  to  3/8”. 

It  was  found  that  on  negative  polar¬ 
ity  the  pulses  causing  SIV  were 
smaller  is  amplitude  but  sharp  with 
a  high  repetition  rate.  On  positive 
polarity,  the  pulses  are  larger  in 
amplitude,  of  Tonger  duration  and 
their  repetition  rate  Is  lower.  The 
positive  corona  pulse  Is  described 
as  a  double  exponential  with  a  50 
nanosecond  rise  time  whilst  the  nega¬ 
tive  pulse  has  a  linear  front  of  20 
nanosecond  rise.  The  frequency  spec¬ 
trum  of  positive  pulses  drops  very 
rapidly  beyond  1  MHz  whilst  the  spec¬ 
trum  from  negative  pulses  renal ns 
fiat  to  3  MHz.  The  RIV  from  positive 
pulses  is  dominant  at  low  frequencies 
due  to  the  large  pulse  amplitude. 
Covers  theoretically  by  means  of 
Fourier  oalysis  the  spectrum  from 
these  different  pulse  shapes. 

29.  Unusual  Current  Harmonics  Arising 
from  High-Voltage  DC  Transmission 

Reeve,  John  and  Krlshnayya,  P.  C.  S. 

Unbalance  in  the  operation  of  high 
voltage  dc  converters  giver  else  to 
unusual  or  uncharacteristic  .armonics 


National  Research  Council, 
Ottawa,  Canada,  March  1963 


Paper  31  TP  67-500,  IEEE  Trans¬ 
actions  on  Power  Appara*"  "s  and 
Systems,  Vol.  PAS -87,  No.  3,  March 
1968,  pp.  883-93. 
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la  the  ec  wsveform  not  expected  from 
the  existing  theory  relating  to  bal¬ 
anced  operation.  Analysis  of  the 
effect  of  unbalances  in  the  alterna¬ 
ting  voltages  and  the  valve  firing 
angles  is  provided  together  with 
selected  characteristics  illustrating 
the  variations  in  the  harmonics  with 
unbalance  as  determined  by  a  compre¬ 
hensive  digital  computer  program. 
Six-pulse  and  12-pulse  operation  is 
considered. 

30.  500-kV  Line  Design:  II  -  Corona  and 
RIV  Characteristics  of  Insulator- 
Hardware  Assemblies 

Saruyama,  Yukio;  Yasui,  Mitsuru, 
and  Nagasaki,  Shoji. 

This  paper  describes  the  corona  noise 
characteristics  of  insulator-hardware 
assemblies  ia  the  Boso  Power  Trans¬ 
mission  Line  of  Tokyo  Electric  Power 
Company  which  is  the  first  800-kV 
transmission  line  in  Japan.  The 
results  of  corona  noise  measurement 
made  on  a  V-string  insulatov  assem¬ 
bly  and  a  strain  insulator:  assembly 
are  reported.  Data  on  the  corona 
noise  level  of  insulator-hardware 
obtained  from  a  test  line  were  con¬ 
verted  into  noise  level  values  for 
an  actual  transmission  line  for 
comparison  with  the  conductor  corona 
noise  levels.  The  design  of  the  in¬ 
sulator  hardware  was  decided  accor¬ 
dingly, 

31.  Comparative  Radio  Noise  Levels  of 
Transmission  Lines,  Automotive 
Traffic,  and  Stabilized  Arc 
Welders 

Skomal,  Edward  N. 

Radio  interference  data  that  have 
been  measured  throughout  the  fre¬ 
quency  range  of  30  Hz  to  1  GHz  on 
power  transmission  lines,  automotive 


Paper  31  TP  66-352,  IEEE  Trans 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-86,  No.  9, 
September  1967,  pp.  1091-97. 


IEEE  Transactions  on  Electro¬ 
magnetic  Compatibility,  Vol.  EMC-9 
No.  2,  September  1967,  pp.  73-77. 
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traffic, and  RF  stabilized  arc  welders 
by  many  investigators  have  been  assem¬ 
bled,  converted  to  a  common  system 
of  units,  and  ct elective ly  plotted. 

The  resulting  composite  presentations 
permit  an  assessment  of  the  relative 
interference  levels  produced  by  the 
three  types  of  radio  noise  sources. 

It  is  concluded  that  below  25  MHz, 
lower  voltage  transmission,  lines 
and  RF  stabilized  arc  welders  are 
the  major  incidental  radio  noise 
sources  when  the  observer  is  within 
100  feet  of  the  source.  Above  40  MHz, 
automotive  traffic  ami  lower  voltage 
transmission  lines  are  the  major 
radio  noise  sources  with  neither  ap¬ 
pearing  to  be  consistently  the  greater 
when  an  observer  is  within  50  feet  or 
less  of  the  source. 

32.  Communication  Circuits  on  500-kV  Paper  31  TP  66-53,  IEEE  Trans- 

Lines  actions  on  Power  Apparatus  and 

Systems,  Vol.  FAS-85,  No.  10, 

Swingle,  T.  M. ,  and  Dobson,  H.  L.  October  1966,  pp.  1059-64. 

The  characteristics  of  500-kV  trans¬ 
mission  lines  from  a  communication 
viewpoint  are  discussed  based  on 
tests  and  observations  of  the  Ten¬ 
nessee  Valley  Authority's  first 
500-kV  line  to  be  placed  in  service. 

Dead-line  carrier  frequency  tests 
Included  attenuation  on  the  insulated 
shield  wires  and  phase-coupled  power¬ 
line  carrier  arrangements.  Model 
component  attenuation,  relative  ve¬ 
locity  of  propagation,  and  other 
characteristics  of  natural  mode  be¬ 
haviour  are  covered.  Experiences 
to  date  on  operation  of  powerline 
carrier  terminals  and  audio  equip¬ 
ment  are  given,  alon^  with  a  brief 
resume  of  RI  measurements. 


33.  Verification  Tests  of  the  VEPC0 
500-kV  System 

Wagner,  Charles  L.,  Smith,  H.  Melvin, 
Taylor,  Jr.,  Edgar  R.,  and  LaPrade, 
John  H. 


Paper  31  C45-B,  IEEE  Trans¬ 
actions  on  Power  Apparatus  and 
Systems,  Vol.  PAS-87,  No.  4, 
April  1968,  pp.  1032-44. 
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The  results  of  the  first  field  teats 
performed  to  verify  the  design  of 
the  Virginia  Electric  Power  Company 
500-kV  system  are  presented.  Initial 
radio  influence  measurements  made  on 
each  line  section  are  compared  with 
levels  calculated  during  the  design 
studies.  Switching-surge  voltages 
recorded  during  various  normal  and 
abnormal  switching  conditions  are 
given,  and  are  shown  to  be  well 
within  predicted  values.  Descrip¬ 
tions  are  given  of  the  measuring 
equipment  and  techniques  used  for 
the  field  tests  and  for  a  continual 
monitoring  of  the  system. 
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Undeg-^Lj revloua  Contract-  AF30(602>— 3W4,  a  High  Voltage  Power  Line  Siting  Criteria 
was  developed  and  reported,  In* TanhnJinl  Beprrrf  Nn  RAQC-TR-66-6Q6 ». .MgJ eh  1967  i  Ynlm 

L, _ LLr -U-Fif o r  power  lineB  rated  2.4  kV  through  345  kV,  and  covering  the  frequency 

spectrum  of  60  Hertz  through  one  Gigahertz. 

This  Technical  Report  extends  the  Siting  Criteria  to  power  lines  operating  at  525  k\ 
ac,  735  kV  ac  snd  803  ItV  dc,  covering  the  frequency  range  from  60  Hz  to  10  GHz.  Also 
the  investigation  of  the  radio  noise  and  frequency  spectrum  of  the  345-kV  lines 
studied  in  the  previous  contract  has  been  extended  to  10  GHz.  i  .) 

The  following  information  is  included  in  this  report:  'T^ 

1.  A  systematic  procedure  to  determine  the  radio  noise  generated  by  525- UV  ac, 
735-kV  ac  and  800-kV  dc  lines  covering  the  frequency  spectrum  of  60  Hz  to  10  GHz,  and 
lines  from  2.4-kV  ac  to  345-kV  ac  covering  the  frequency  spectrum  of  1  GHz  to  HO  GH?. 

2.  Description  and  comparison  of  test  methods  using  radio  noise  meters  both 
manually  and  with  X-Y  recorder  and  spectrum  analyzer. 

3.  Measurid  data  and  data  analysis . 
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4.  Methods  to  determine  the  propagation  loss  of 
b  noise  generated  by  power  lines. 

5.  Literature  Survey. 


